Effects of anthropogenic emissions on biogenic organic aerosol formation in the southeastern United States by Xu, Lu
EFFECTS OF ANTHROPOGENIC EMISSIONS ON BIOGENIC 






















In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy in the 









[COPYRIGHT© 2016 BY LU XU]
EFFECTS OF ANTHROPOGENIC EMISSIONS ON BIOGENIC 






















Approved by:   
   
Dr. Nge Lee Ng, Advisor 
School of Chemical and Biomolecular
Engineering and School of Earth and 
Atmospheric Sciences 
Georgia Institute of Technology 
 Dr. Athanasios Nenes 
School of Earth and Atmospheric 
Sciences and School of Chemical and 
Biomolecular Engineering 
Georgia Institute of Technology 
   
Dr. Christopher W. Jones 
School of Chemical and Biomolecular
Engineering and School of Chemistry and
Biochemistry 
Georgia Institute of Technology 
 Dr. Rodney J. Weber 
School of Earth and Atmospheric 
Sciences 
Georgia Institute of Technology 
   
Dr. Greg Huey 
School of Earth and Atmospheric Sciences
Georgia Institute of Technology 
  
   





























 Firstly, I would like to sincerely thank my advisor, Dr. Sally Ng, for her continuous 
and generous support throughout my graduate study. She introduced me to the field of 
atmospheric science. More importantly, she taught me every single aspects of research, 
from operating instruments to writing papers, from communication with collaborators to 
public presentation. I am also grateful to her for encouraging me to pursue the challenging 
goals and strive for excellence.  
 I have been fortunate to collaborate with Dr. Rodney Weber and Dr. Athanasios 
Nenes, whose expertise in different research areas has largely helped my research and 
tremendously broadened my view. It is always a pleasure to go to field campaigns with Dr. 
Weber, whose rich experience makes the stressful projects easier to handle. I would also 
like to thank my other two thesis committee members, Dr. Greg Huey and Dr. Christopher 
Jones, for their valuable time and providing career advice.  
 I acknowledge Ng group members not only for their assistance in my research, but 
also their company. Chris Boyd is my English and American culture teacher. Javier 
Sanchez shares his workout tips with me. Wing Tuet makes delicious cookies. Yunle Chen 
recommends good restaurants. I also would like to thank Weber group, Nenes group, and 
Huey group members. Thanks especially to Hongyu Guo for being such a wonderful 
collaborator and great friend. 
Finally, I thank my parents for their unconditional love and continuous support. 
They are always there, patiently listening to me and helping me through the difficulties. I 
thank my wife Jia, for being my best company and inspiring me from her research 
expertise.  Without them, this work would not have been possible. 
 v
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS iv 
LIST OF TABLES xi 
LIST OF FIGURES xii 




CHAPTER 1: INTRODUCTION 1 
1.1 Atmospheric Organic Aerosol 1 
1.2 Source Apportionment of Organic Aerosol in the southeastern US 3 
1.3 Effects of Anthropogenic Emissions on Secondary Organic Aerosol Formation from 
Biogenic Volatile Organic Compounds 5 
1.3.1 The Effects of NOx on Isoprene Photooxidation 5 
1.3.2 The Effects of Sulfate on the Reactive Uptake of Isoprene Epoxydiols 6 
1.3.3 The Oxidation of Biogenic Volatile Organic Compounds by Nitrate Radical 8 
1.4 Scope and Motivations 9 
CHAPTER 2: AEROSOL CHARACTERIZATION OVER THE SOUTHEASTERN 
UNITED STATES USING HIGH RESOLUTION AEROSOL MASS 
SPECTROMETRY: SPATIAL AND SEASONAL VARIATION OF AEROSOL 




2.2.1 Southern Oxidant and Aerosol Study (SOAS) 13 
2.2.2 Southeastern Center for Air Pollution and Epidemiology study (SCAPE) 14 
2.2.3 Instrumentation 15 
2.2.3.1 High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-
AMS) 15 
2.2.3.2 Aerosol Chemical Speciation Monitor (ACSM) 1 
2.2.3.3 Co-located Instruments 1 
2.2.4 Positive Matrix Factorization (PMF) Analysis 3 
2.2.5 Estimation of organic nitrates contribution to ambient OA 4 
2.3 Results 9 
2.4 Discussion 11 







2.4.2 Nitrates source apportionment 24 
2.4.2.1 Estimation of organic nitrates 24 
2.4.2.2 Nitrate seasonal variation 29 
2.4.3 Aerosol Spatial Variability 30 
2.4.4 Interpretation of long-term measurements 33 
 vii
2.4.4.1 OA Diurnal Variation 33 
2.4.4.2 Urban and rural contrast of OA seasonality 36 
2.4.4.3 Correlation between OC and sulfate 37 
2.5 Conclusion 38 
CHAPTER 3: EFFECTS OF NOX ON THE VOLATILITY OF SECONDARY 
ORGANIC AEROSOL FORMATION FROM ISOPRENE PHOTOOXIDATION 59 
3.1 Background 59 
3.2 Experimental Section 60 
3.3 Results 63 
3.3.1 Aerosol Growth Dynamics 63 
3.3.2 Aerosol Volatility 66 
3.3.3 SOA Temporal Evolution 68 
3.4 Discussion 70 
3.4.1 NOx Effects on Volatility of Isoprene SOA 70 
3.4.2 NOx Effects on Aerosol Growth 75 
3.4.3 Aerosol Aging 76 
3.5 Atmospheric Implications 79 
CHAPTER 4: EFFECTS OF ANTHROPOGENIC EMISSIONS ON AEROSOL 
FORMATION FROM ISOPRENE AND MONOTERPENES IN THE SOUTHEASTERN 
UNITED STATES 82 
4.1 Background 82 
4.2 Organic Aerosol Source Apportionment 84 
4.3 Effects of Sulfate on Isoprene-derived Organic Aerosol 87 
 viii
4.4 Effects of NOx on Less-Oxidized Oxygenated Organic Aerosol 93 
4.5 Implications 96 
CHAPTER 5: ENHANCED FORMATION OF ISOPRENE-DERIVED ORGANIC 
AEROSOL IN SULFUR-RICH POWER PLANT PLUMES DURING SOUTHEAST 
NEXUS (SENEX) 102 
5.1 Background 102 
5.2 Measurements and Models 105 
5.3 Results and Discussion 108 
5.3.1 Evolution of species downwind of the power plants. 108 
5.3.2 Reasons for OA enhancement in the plumes 109 
5.3.3 Reasons for isoprene-OA enhancement in Harllee Branch plume 112 
5.3.4 Parameterization of IEPOX heterogeneous reactions 114 
5.3.5 Roles of sulfate on isoprene-OA formation 117 
5.3.6 Insights into the relationships between isoprene-OA, sulfate, particle acidity and 
water. 119 
5.4 Implications 121 
CHAPTER 6: SUMMARY AND FUTURE WORKS 134 
6.1 Summary of major findings 134 
6.1.1 The sources and spatial distribution of OA in the southeastern US 134 
6.1.2 Effects of NOx on the volatility of secondary organic aerosol from isoprene 
photooxidation 137 
6.1.3 Effects of Anthropogenic Emissions on Aerosol Formation from Isoprene and 
Monoterpenes in the Southeastern United States 139 
 ix
6.1.4 Enhanced formation of Isoprene-derived Organic Aerosol in Sulfur-rich Power 
Plant Plumes during Southeast Nexus (SENEX) 141 
6.2 Recommendations for future work 143 
APPENDIX A: WINTERTIME AEROSOL CHEMICAL COMPOSITION, 
VOLATILITY, AND SPATIAL VARIABILITY IN THE GREATER LONDON 
AREA   145 
A.1 Background 145 
A.2 Method 150 
A.2.1 Sampling sites and meteorological conditions 150 
A.2.2 Instrumentation 151 
A.2.3 Collection efficiency of the HR-ToF-AMS 156 
A.2.4 Data analysis 159 
A.2.4.1 Positive matrix factorization (PMF) analysis 159 
A.2.4.2 Retroplume analysis 162 
A.3 Results and Discussion 163 
A.3.1 Aerosol characterization at the Detling site 163 
A.3.2 Comparison between London and Detling 167 
A.3.2.1 Non-refractory species and OA factors comparison 167 
A.3.2.2 OA oxidation level 170 
A.3.3 Aerosol volatility analysis 170 
A.3.3.1 Volatility of non-refractory species and OA factors 171 
A.3.3.2 Sources of residual organics at 250°C 172 






LIST OF TABLES 
Table 2.1. Sampling sites and periods for the SCAPE and SOAS studies. Campaign average 
meteorological conditions, mixing ratios of gas-phase species, and mass concentrations of 
black carbon and NR-PM1 species for all datasets. Average ± one standard deviation are 
reported. ............................................................................................................................ 17 
Table 2.2. A summary of organic nitrates estimation from NOx+ ratio method. RAN 
represents the NOx+ ratio (=NO+/NO2+) for pure ammonium nitrate (AN). Rmeas represents 
the NOx+ ratio from observation. NO3,meas represents the total nitrate functionality (from 
both organic and inorganic nitrates) as measured by the HR-ToF-AMS. NO3,org represents 
the nitrate functionality from organic nitrates, which is estimated from the NOx+ ratio 
method. ON and OA represent organic nitrate and organic aerosol, respectively. ............. 7 
Table 3.1. Experimental conditions and results ................................................................ 63 
Table 5.1. The effects of increasing H+ (µg/m3), particle water (µg/m3), or sulfate (µg/m3) 
on khet while holding the other covariates constant. ....................................................... 120 
 
 xii
LIST OF FIGURES 
Figure 2.1. Sampling sites for SCAPE and SOAS studies. The gray circled region 
represents urban Atlanta. .................................................................................................. 43 
Figure 2.2. Mass concentrations (a) and mass fractions (b) of non-refractory PM1 (NR-
PM1) species measured by HR-ToF-AMS. ....................................................................... 44 
Figure 2.3. Diurnal profiles of non-refractory PM1 (NR-PM1) species measured by HR-
ToF-AMS. Panel (d) shows the diurnal profiles of NR-PM1 species after multiplying by 
the boundary layer height for the Centreville (CTR) site. The solid lines indicate the median 
concentration and the error bars indicate the standard error. ............................................ 45 
Figure 2.4. (a) f44 vs. f43 for total OA and OA factors resolved from PMF analysis. (b) The 
oxidation state of OA factors. ........................................................................................... 46 
Figure 2.5. Diurnal profiles of OA factors resolved from PMF analysis on organic mass 
spectra. Panel (d) shows the diurnal profiles of OA factors after multiplying by the 
boundary layer height for the Centreville (CTR) site. The solid lines indicate the median 
concentration and the error bars indicate the standard error. ............................................ 47 
Figure 2.6. (a) Campaign-averaged mass concentrations of OA factors resolved from PMF 
analysis on organic mass spectra. (b) Campaign-averaged mass fractions of OA factors 
resolved from PMF analysis on organic mass spectra. SOA is the sum of Isoprene-OA, 
MO-OOA, and LO-OOA. POA is the sum of HOA, COA, and BBOA. ......................... 48 
 xiii
Figure 2.7. Scatter plot (left panel) and the time series (right panel) of BBOA and brown 
carbon light absorption for the datasets where a BBOA factor was resolved. ................. 49 
Figure 2.8. Scatter plot (left panel) and the time series (right panel) of MO-OOA and ozone.
........................................................................................................................................... 50 
Figure 2.9. Scatter plot of LO-OOA vs. the total measured nitrates (i.e., NO3,meas) and LO-
OOA vs. estimated concentration of “nitrate funcionality from organic nitrates” (i.e., 
NO3,org) by using RON = 10 in the NOx+ ratio metod. ....................................................... 51 
Figure 2.10. (a) Concentrations of total measured NO3 (i.e., NO3,meas), estimated “nitrate 
functionality from organic nitrates” (i.e., NO3,org) by the NOx+ ratio method and the PMF 
method. (b) The contribution of NO3,org to NO3,meas (i.e., NO3,org/NO3,meas) from the NOx+ 
ratio method and the PMF method. Also shown are the estimated contribution of organic 
nitrates to total OA from the “best estimate” range of NO3,org and by assuming a MW of 
200 and 300 g mol-1 for organic nitrates. .......................................................................... 52 
Figure 2.11. Comparion of estimated concentration of “nitrate functionality from organic 
nitrates” (i.e., NO3,org) at the Centreville (CTR) site between the AMS-IC method and NOx+ 
ratio method with RON values of 5 and 10. The intercept and slope are obtained by 
orthogonal fit, which considers measurement errors in both dependent and independent 
variables. The correlation coefficient R is obtained by linear least-squares fit. Intercepts 
are within the detection limit of PILS-IC nitrate (i.e., 0.03 μg m-3). The 1:1 line is offset by 
the detection limit of PILS-IC nitrate (i.e., -0.03 μg m-3) for visual clarity. The uncertainty 
of PILS-IC measurements is about 10% according to Weber et al. (2001). ..................... 53 
 xiv
Figure 2.12. Diurnal variation of NO3,meas, NO3,org, and NO3,inorg for all datasets. NO3,org, 
and NO3,inorg are estimated by the NOx+ ratio method with an RON value of 10. The solid 
lines indicate the median concentration and the error bars indicate the standard error. ... 54 
Figure 2.13. Correlation coefficients for NR-PM1 species between ACSM measurements 
(stationary at the Georgia Tech site) and HR-ToF-AMS measuremens (rotating among 
different sites). Values are plotted vs. the relevant distance of the measurement site from 
the GT site, where the dotted lines represent the sampling sites where the HR-ToF-AMS 
measurements were made. ................................................................................................ 55 
Figure 2.14. Diurnal variation of boundary layer height for CTR_June. The solid line 
indicates the median concentration and the error bars indicate the standard error. .......... 56 
Figure 2.15. Mean seasonal concentrations of organic carbon at the Jefferson Street (JST) 
and the Yorkville (YRK) sites. Summer: June – August. Winter: December – Februry. 57 
Figure 2.16. The seasonality of the correlation between organic carbon and sulfate at the 
Jefferson Street (JST), Yorkville (YRK), and Centreville (CTR) sites. Seasons are by 
grouped by calendar months (Spring: March–May, Summer: June–August, Fall: 
September–November, and Winter: December–February). ............................................. 58 
Figure 3.1. Time profiles for a typical (a) HO2-dominant experiment (Expt.2) and (b) mixed 
experiment (Expt.6). Note that SOA mass is not wall-loss corrected in these two figures. 
The large fluctuations in SOA mass concentration are caused by the aerosol alternately 
passing through the TD at different temperatures and bypassing the TD. ........................ 65 
 xv
Figure 3.2. Normalized time-dependent growth curves. Circles show the fraction of 
isoprene consumed by the time NO concentration decreased below the detection limit. . 66 
Figure 3.3. SMPS volume-based thermograms for the experiments described herein. VFR 
is calculated for all experiments at equivalent OH exposures of approximately 2*107 
molecule*hour*cm-3. The solid black arrow highlights the observation that VFR first 
increases and then decreases as NO/isoprene increases. Error bars are based on the 
variability of the SMPS volume measurements. Data are not corrected for any temperature 
dependent losses in the TD, which a previous study suggested to be minor (Fierz et al., 
2007). Data correspond to the TD temperatures (30 /50 /70 /85 /110 /130 /150 /180 /200°C, 
indicated by the dashed lines) and data are offset from the TD temperature for visual clarity. 
The VFR at 40, 65, and 100°C are consistent with shown data, but are omitted for clarity.
........................................................................................................................................... 68 
Figure 3.4. Evolution of key SOA chemical and physical properties for a representative (a) 
HO2-dominant experiment (Expt.2) and (b) mixed experiment (Expt.6). ........................ 69 
Figure 3.5. Simplified reaction mechanism of isoprene photooxidation. The reaction rate 
constants listed are from MCMv3.2 in units of cm3*molecule-1*s-1.  Letter labels on particle 
phase species correspond to literature references as follows: (a) Surratt et al. (2010) (b) 
Nguyen et al. (2010) (c) Ion et al. (2005) (d) Proposed in this study (e) Claeys et al. (2004a) 
(f) Wang et al. (2005) (g) Lin et al. (2012)  (h) Kleindienst et al. (2009). Note that oligomers 
are not shown in this figure. .............................................................................................. 71 
Figure 3.6. Dependence of SOA particle mass yield, VFR, and oxidation state on initial 
NO/isoprene ratio. The NO-free point (far left of figure) is from Expt. 2, where the initial 
 xvi
isoprene concentration is close to that in mixed experiments. Values of all three parameters 
shown here are calculated at equivalent OH exposures of approximately 2*107 
molecule*hour*cm-3. VFR is calculated at a TD temperature of 130°C, which is 
representative of the trends in all the data at TD temperatures greater than 80°C. 
Uncertainties in the yield and VFR are the same as in Table 3.1 and Figure 3.3, respectively. 
Uncertainties in the oxidation state are estimated by propagating the error of O/C (30%) 
and H/C (7%) measurements (Aiken et al., 2007). Oxidation state (black square) is labelled 
with loading of suspended particles (μg/m3). Most experiments have comparable aerosol 
loadings, suggesting that the oxidation state trend shown here is not caused by the aerosol 
loading effect. ................................................................................................................... 79 
Figure 4.1. (a,c,e,g) Normalized high-resolution mass spectra (colored by the ion type) and 
elemental ratios of the PMF factors. (b,d,f,h) Time series of the PMF factors and tracer 
compounds, along with their correlation coefficient. (i) Diurnal trends of PMF factors with 
(solid line) and without (dash line) multiplying by boundary layer height (BLH). .......... 99 
Figure 4.2. Geographical locations and organic aerosol characterization of SOAS and 
SCAPE field campaigns in the southeastern US. The inset shows a detailed map of Atlanta 
(adapted from Google Maps). Abbreviations correspond to Centerville (CTR), Yorkville 
(YRK), Jefferson Street (JST), Georgia Institute of Technology (GT), and Roadside (RS). 
Details about sampling period at each site are listed in Table. S1. Measurement sites are 
classified based on their locations as urban (red star) and rural (green star). The pie charts 
report the source apportionment of organic aerosol. The mass concentrations ± one 
standard deviation of organics and PM1 as measured by HR-ToF-AMS are also reported. 
The identified OA subtypes are: MO-OOA (more-oxidized oxygenated OA), LO-OOA 
 xvii
(less-oxidized oxygenated OA), Isoprene-OA (isoprene-derived OA), BBOA (biomass 
burning OA), HOA (hydrocarbon-like OA), and COA (cooking OA). Isoprene-OA is only 
identified in the warmer months (from May to September) and LO-OOA is identified at 
various rural and urban sites throughout the year. Isoprene-OA and LO-OOA account for 
43-70% of total measured OA in summer time. ............................................................. 100 
Figure 4.3. (a) A simplified mechanism of isoprene SOA formation via reactive uptake of 
IEPOX based on refs. (8) and (25). Only one IEPOX isomer is shown in the figure. 
Compounds colored blue are the parameters we investigate in this study. Compounds 
colored red are two representative species for isoprene SOA. The inset shows a schematic 
explaining the relationship between particle water (H2Optcl), particle acidity (H+), sulfate 
(SO42-), and Isoprene-OA. The direct role of SO42- on isoprene OA formation is colored 
green. The indirect role of SO42- through H2Optcl and/or H+ is colored black. (b) H+(aq) (mol 
L-1 H2O) as a function of [H2Optcl] (μg m-3). All data points are grouped into nine subplots 
based on a 0.5 μg m-3 increment in [SO42-] and the size of data points represents [Isoprene-
OA]. In some cases, a range of H+(aq) is observed for the same [H2Optcl], which is likely due 
to difference in gas-phase [NH3] (SI Appendix, Fig. S6). ............................................... 101 
Figure 5.1. Flight track of the NOAA WP-3D aircraft presented in this study. The flight 
track is colored by SO2 concentration. The direction of arrows represents wind direction 
and the length of arrow is proportional to wind speed. The power plants are marked in the 
figure and sized by its SO2 emission. The two power plants of interest to this study, Scherer 
and Harllee Branch, are labelled in the figure. The gray circled region represents urban 
Atlanta. ............................................................................................................................ 124 
 xviii
Figure 5.2. Evolution of (a) SO2, (b) sulfate, (c) organics, (d) oxygenated organic aerosol 
(OOA), (e) isoprene-derived organic aerosol (isoprene-OA), (f) particle water, and (g) 
particle pH. The error bars represent the standard error. The error bars of some data points 
are smaller than the symbol size of the data points. Details about the particle water and pH 
calculation can be found in the supporting information. The sulfate concentration reported 
here is measured by AMS, which include both SO42- and HSO4-. The ISORROPIA 
calculated concentrations of SO42- and HSO4- are shown in figure S8. .......................... 125 
Figure 5.3. Left panels: normalized mass spectra of OA outside the Harllee Branch plume. 
Right panels: normalized mass spectra of OA formed inside the Harllee Branch plume, 
which are calculated by subtracting the OA mass spectra outside the plume from that inside 
the plume and then normalize the difference mass spectra to the total difference signal.
......................................................................................................................................... 126 
Figure 5.4. (a) Mass spectra, (b) time series, and (c) mass fractions of OA factors resolved 
from PMF analysis on the whole flight. The time series of corresponding external tracers 
are also shown in panel (b). ............................................................................................ 127 
Figure 5.5. Vertical profile of (a) concentration and (b) mass fraction of OOA and isoprene-
OA. The data are grouped based on 500m increment in altitude. The error bars represent 
one standard deviation. ................................................................................................... 128 
Figure 5.6. A schematic representation of the processes involved in the heterogeneous 
reaction of IEPOX and the effects of sulfate on the processes. ...................................... 129 
 xix
Figure 5.7. The pseudo-first-order reaction rate constants of IEPOX with respect to 
heterogeneous reaction and OH oxidation. Henry’s law constants of IEPOX (HIEPOX, in the 
unit of M atm-1) are from Nguyen et al. (2014) and Gaston et al. (2014). The rate 
coefficients for the reaction of IEPOX and OH (kIEPOX+OH, in unit of cm3 molecule-1 s-1) are 
from Bates et al. (2014) and Jacobs et al (2013). The lifetime of IEPOX with respect to 
heterogeneous reaction and OH oxidation are shown in figure S7. ................................ 130 
Figure 5.8. The pseudo-first-order heterogeneous reaction rate constant of IEPOX (khet) 
inside and outside the plume. khet,X is calculated by using species concentrations outside 
the plume but only substituting the concentration of species X (X = H+, SO42-, HSO4-, and 
SA) with the value inside the plume. Different HIEPOX values (M atm-1) are used in panel 
(a) and (b). ....................................................................................................................... 131 
Figure 5.9. The effect of H2O (µg/m3) on particle pH, kaq, γ, surface area, and khet while 
holding the other covariates (sulfate and H+) constant. Different HIEPOX values (in unit of 
M atm-1) are used. ........................................................................................................... 132 
Figure 5.10. Scatter plot of the isoprene-OA enhancement (delta_isopOA) and the sulfate 
enhancement (delta_SO4) in the Harllee Branch plume. The “delta” = concentration inside 
the plume - the average concentration of before and after the plume. The data points are 
labeled by the intercept number of Harllee Branch plume. The Intercept and slope are 
obtained by the orthogonal distance regression. The Pearson’s R is from the linear least-
square fitting. The dashed lines represent the 95% confidence level of orthogonal distance 
regression. The data from the third transect of Harllee Branch plume are not included in 
the fitting. The reason that the third transect of Harllee Branch plume does not follow the 
 xx
linear trend is not clear, but may be due to differing background IEPOX concentration 
compared to other transects. ........................................................................................... 133 
Figure A.1. Geographical locations of the sampling sites (i.e., North Kensington and 
Detling) in this study. The region circled by the M25 motorway is the greater London area. 
The map is adapted from Google Maps. ......................................................................... 179 
Figure A.2. Scatter plot of converted volume (based on HR-ToF-AMS total + BC + crustal 
material) vs. the apparent volume estimated from SMPS measurement for (a) the bypass 
line and the TD line at (b) 120°C and (c) 250°C. The composition-dependent CE is applied 
to the bypass line HR-ToF-AMS measurements and CE = 0.45 is applied to the TD line 
HR-ToF-AMS measurements. The slopes and intercepts are obtained by orthogonal 
distance regression (ODR). The Pearson’s R is obtained by linear least-squares fit. ..... 180 
Figure A.3. (a) Time series of non-refractory species and black carbon in addition to the 
flag waves of dominant air mass origin based on the NAME model. (b) Average 
concentration of non-refractory species, black carbon, and OA factors resolved by PMF 
analysis for the easterly sector, westerly sector, and the whole campaign. The unexplained 
mass by PMF analysis is less than 6% of total OA and not shown in the figure. The gap 
between 1/22 and 1/25 is due to a clogged instrument inlet. .......................................... 181 
Figure A.4. (a) Time series of OA factors resolved from the unconstrained PMF analysis 
on the ambient data (i.e. PMFambient) and corresponding external tracers. (b) Mass spectra 
of OA factors, which are colored by the ion type. The time series of total nitrated phenols 
is from Mohr et al. (2013). .............................................................................................. 182 
 xxi
Figure A.5. f44 vs. f43 for Detling and NK sites, as well as for the westerly sector and easterly 
sector of the Detling site. The dotted lines were adapted from Ng et al. (2010). The averages 
are sized by average organic loading. The error bars indicate one standard deviation. The 
average OA concentration at the Detling site is different from the value in Figure A.3. due 
to different sampling periods. ......................................................................................... 183 
Figure A.6. Comparison between NK and Detling sites in terms of the campaign-averaged 
concentration and mass fraction of non-refractory species and OA factors. The unexplained 
mass by PMF analysis is less than 6% of total OA and not shown in the figure. ........... 184 
Figure A.7. Comparison of non-refractory species time series between NK and Detling 
sites. The intercept and slope are obtained by orthogonal distance regression. The Pearson’s 
R is obtained by linear least-squares fit. ......................................................................... 185 
Figure A.8. Comparison of OA factors time series between NK and Detling sites. The 
intercept and slope are obtained by orthogonal distance regression. The Pearson’s R is 
obtained by linear least-squares fit. ................................................................................ 186 
Figure A.9. Thermogram of (a) non-refractory species and (b) OA factors. The change in 
mass concentration after heating in the TD (i.e., ΔC) of (c) non-refractory species and (d) 
OA factors.  Error bars indicate one standard deviation. The average values are connected 
by lines to guide the eyes. ............................................................................................... 187 
Figure A.10. Mass fraction of PM1 species for bypass line and TD line (i.e., 120°C and 
250°C). The mass fractions larger than 9% are labeled in the figure. ............................ 188 
 xxii
Figure A.11. Comparison between organics associated with rBC (measured by SP-AMS 
with laser vaporizer only) and the non-refractory organics in the bulk measurement (by 
HR-ToF-AMS) after heating at 250°C. .......................................................................... 189 
Figure A.12. (a) Organic mass fraction remaining (MFR) and O:C as a function of TD 
temperature; (b) – (e) organic MFR at 120°C and 250°C as a function of bypass line organic 
O:C and oxidation state. .................................................................................................. 190 
Figure A.13. The properties (O:C and volatility) of three model compounds and the 
composition of two populations of particles used in the simple model to illustrate the 
relationship between bulk OA O:C and volatility. The O:C is 1, 0.5, and 0.1 for compound 
A, B, and C, respectively. Upon heating at temperature T0, 50%, 65% and 100% of A, B, 
and C would evaporate. Population #1 is comprised of 0.25, 0.7, and 0.05 µg m-3 of A, B, 
and C, respectively, and population #2 is comprised of 0.7, 0.05, and 0.25 µg m-3 of A, B, 
and C, respectively. ......................................................................................................... 191 
Figure A.14. (a) O:C enhancement (i.e., ratio of TD line O:C to bypass line O:C) as a 
function of bypass line O:C. (b) Mass spectra of OA under different TD temperatures. The 
signals between m/z 45 and 99 are multiplied by 10 and the signals between m/z 100 and 
150 are multiplied by 25 for clarity. The mass spectra are colored by the ion type in the 
same way as Figure A.4b. ............................................................................................... 192 
 
 xxiii
LIST OF SYMBOLS AND ABBREVIATIONS 
Symbols 
bap365 Light absorption coefficient at 365 nm 
BrC Brown Carbon 
CO Carbon monoxide 
CO2 Carbon dioxide 
f43 fraction of organic signal at m/z 43 
f44 fraction of organic signal at m/z 44 
H:C atomic hydrogen to carbon ratio 
H+ hydronium ion 
H2Optcl particle phase water 
HO2• Hydroperoxy radical 
HSO4- Bisulfate ion 
K+ Potassium ion 
NH4+ Ammonium ion 
NO Nitrogen monoxide 
NO2 Nitrogen dioxide 
NO3• Nitrate radical 
NO3- Nitrate ion 
NOx Nitrogen Oxides (NO + NO2) 
O:C atomic oxygen to carbon ratio 
O3 Ozone 
OH• Hydroxy radical 
Org Organics 
RO2• Organic peroxy radical 
SO2 Sulfur dioxide 
SO42- Sulfate ion 




ACSM Aerosol Chemical Speciation Monitor 
BB Biomass Burning 
BBOA Biomass Burning Organic Aerosol 
BC Black Carbon 
BLH Boundary Layer Height 
BVOC Biogenic Volatile Organic Compound 
CIMS Chemical Ionization Mass Spectrometer 
ClearfLo Clean Air for London  
COA Cooking Organic Aerosol 
CTR Centreville 
EC Elemental Carbon 
GT Georgia Tech site 
HOA Hydrocarbon-like Organic Aerosol 
HR-ToF-AMS High Resolution Time of Flight Aerosol Mass Spectrometer 
HULIS HUmic-Like Substances 
IC Ion Chromatography 
IEPOX Isoprene-derived epoxydiols 
isoprene-OA Isoprene-derived Organic Aerosol 
JST Jefferson Street site 
LO-OOA Less-Oxidized Oxygenated Organic Aerosol 
LV-OOA Low-Volatility Oxygenated Organic Aerosol 
LWC Liquid Water Content 
LWCC Liquid Waveguide Capillary Cell 
MFR Mass Fraction Remaining 
MO-OOA More-Oxidized Oxygenated Organic Aerosol 
NR-PM1 
Non-Refractory particulate matter with aerodynamic diameter less than 
1μm 
OA Organic Aerosol 
OC Organic Carbon 
 xxv
OM Organic Matter 
ON Organic Nitrate 
OOA Oxygenated Organic Aerosol 
OS Oxidation State 
PAH Polycyclic Aromatic Hydrocarbon 
PILS Particle-Into-Liquid Sampler 
PM1 Particulate Matter with aerodynamic diameter less than 1μm 
PM2.5 Particulate Matter with aerodynamic diameter less than 2.5 μm 
PMF Positive Matrix Factorization 
POA Primary Organic Aerosol 
RH Relative Humidity 
RS Roadside site 
SCAPE Southeastern Center for Air Pollution and Epidemiology study 
SEARCH Southeastern Aerosol Research and Characterization 
SENEX Southeast Nexus 
SOA Secondary Organic Aerosol 
SOAS Southern Oxidant and Aerosol Study  
SV-OOA Semi-Volatile Oxygenated Organic Aerosol 
TD Thermal Denuder 
VFR Volume Fraction Remaining 
VOC Volatile Organic Compound 
WSOC Water-Soluble Organic Carbon 
YRK Yorkville site 
  
  




Atmospheric particulate matter (PM) has substantial impacts on climate, air quality, 
and human health. A substantial fraction of atmospheric PM is constituted of secondary 
organic aerosol (SOA), which is formed in the atmosphere through the oxidation of volatile 
organic compounds (VOCs). Formulating strategies to control SOA is highly challenging, 
in part, because of the numerous sources and complex formation mechanisms of SOA. In 
particular, to what extent human activities alter SOA formation from biogenic emissions? 
Although a number of mechanisms about the interactions of anthropogenic and biogenic 
emissions on SOA formation have been proposed from prior laboratory studies, only a few 
have been directly observed in the ambient environment. Moreover, the extent of such 
interactions in the atmosphere is unknown. This question is investigated in depth in this 
dissertation based on comprehensive ambient measurements and complementary 
laboratories studies.  
The southeastern US is an ideal region to study the effects of anthropogenic 
emissions on biogenic organic aerosol formation because this region is characterized by 
large emissions from both biogenic and anthropogenic sources. In this study, we applied a 
suite of instruments, with a focus on a High-Resolution Time-of-Flight Aerosol Mass 
Spectrometer (HR-ToF-AMS), to extensively characterize the composition of organic 
aerosol (OA) in the southeastern United States (US). Multiple measurements were obtained 
during different seasons at both urban sites (Jefferson Street and Georgia Tech Campus in 
Georgia) and rural sites (Yorkville in Georgia and Centreville in Alabama), as part of 
Southeastern Center of Air Pollution and Epidemiology Study (SCAPE) and Southern 
Oxidant and Aerosol Study (SOAS). Positive Matrix Factorization (PMF) analysis was 
 xxvii
performed on the high-resolution organic mass spectra obtained by the HR-ToF-AMS for 
OA source apportionment. We identified various OA sources, the contribution of which to 
OA concentration depends on location and season. Hydrocarbon-like OA (HOA, surrogate 
of OA emitted directly from vehicle emissions) and cooking OA (COA) have important, 
but not dominant, contributions to total OA in urban sites (i.e., 21-38% of total OA 
depending on site and season). Biomass burning OA (BBOA) concentration shows a 
distinct seasonal variation with a larger enhancement in winter than summer. Isoprene SOA 
formed via the reactive uptake of isoprene epoxydiols (denoted as Isoprene-OA) is only 
resolved in warmer months and contributes 18-36% of total OA. More-oxidized and less-
oxidized oxygenated organic aerosol (MO-OOA and LO-OOA, respectively) are dominant 
fractions (47-79%) of OA in all sites. MO-OOA correlates well with ozone in summer, but 
not in winter, indicating MO-OOA sources may vary with seasons. LO-OOA, which 
reaches a daily maximum at night, correlates well with estimated nitrate functionality from 
organic nitrates. These findings significantly improve our understanding of OA sources in 
the southeastern US and provide suggestions for implementing effective regulations to 
reduce ambient PM level.  
After identifying OA sources in the southeastern US, we further investigated the 
effects of anthropogenic influences on SOA formation from biogenic VOCs (denoted as 
biogenic SOA) based on complementary laboratory studies and ambient measurements. 
Among various interactions between anthropogenic and biogenic emissions, we probed (1) 
the effects of NOx on the SOA formation from isoprene photooxidation, (2) the effects of 
sulfate on the reactive uptake of isoprene epoxydiols (IEPOX), which are oxidation 
products of isoprene under low-NOx oxidation conditions, and (3) the oxidation of 
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monoterpenes by nitrate radical (a product of anthropogenic NOx and ozone). Firstly, the 
effects of NOx on the SOA from isoprene photooxidation were investigated in laboratory 
chamber experiments. We found that the yield, volatility, and oxidation state of isoprene 
SOA are sensitive to and exhibit a non-linear dependence on NOx levels. The non-linear 
dependence likely arises from gas-phase organic peroxy radical (RO2) chemistry and 
succeeding particle-phase oligomerization reactions. Our results suggest that it is not 
proper to treat the effects of NOx on SOA properties as a linear combination of SOA 
formation under two extremes (“low-NOx” and “high-NOx” conditions) as currently done 
in regional and global atmospheric SOA models. Secondly, based on ambient 
measurements in the southeastern US, we demonstrated that the isoprene SOA formed via 
reactive uptake of IEPOX (denoted as isoprene-OA), which accounts for 18-36% of total 
OA mass in summer time, is directly modulated by the abundance of anthropogenic sulfate. 
This contradicts with prior laboratory studies, which suggest the process is controlled by 
the particle water content and/or particle acidity. Based on both surface and flight 
measurements, we estimate that 1 µg m-3 reduction of sulfate would decrease the isoprene-
derived OA by 0.23-0.42 µg m-3. Thirdly, SOA from monoterpenes, which was shown to 
account for 19-34% of total OA mass throughout the year, was enhanced at night via 
oxidation of monoterpenes by nitrate radical. Taken together, we present direct 
observational evidence on the magnitude of anthropogenic influence on biogenic SOA 
formation in the southeastern US. That is, anthropogenic sulfate and NOx can potentially 
modulate 43-70% of total measured OA in the southeastern US during summer.  
Long-term measurements (1999-2013) at the Southeastern Aerosol Research and 
Characterization (SEARCH) network have revealed that the emissions of SO2 and NOx 
 xxix
decrease by about 65% and 52%, respectively, in the southeastern US, which is caused by 
regulations of anthropogenic emissions from power plants and vehicles as well as the 
switch from coal to natural gas in many power plants. Meanwhile, the OA concentration 
has also decreased significantly in the same region. Part of the observed decrease in OA 
concentration can be explained by our proposed mechanisms regarding anthropogenic 
pollutants modulating biogenic SOA formation. The continual decrease in SO2 and NOx 
emissions may not only reduce the OA burden, but also have impacts on climate and human 
health, considering biogenic SOA formed under lower sulfate and NOx environments could 
have substantially different properties than those formed in polluted environments. At last, 
updating current modeling frameworks by including anthropogenic-biogenic interactions 
will also lead to more accurate treatment of aerosol formation and consequently improve 







CHAPTER 1: INTRODUCTION  
1.1 Atmospheric Organic Aerosol 
Atmospheric aerosols solid or liquid particles suspended in the air. Research in 
atmospheric aerosols contributes significantly to the understanding of many current and 
pressing scientific concerns, such as Earth’s climate change, reduction of visibility in air 
quality, and adverse human health effects (Kanakidou et al., 2005). Atmospheric aerosols 
are a complex mixture of inorganic and organic matter. While the formation of inorganic 
aerosols is relatively well understood (Hallquist et al., 2009; Kanakidou et al., 2005), the 
composition and formation of organic aerosols (OA) remain poorly understood due to their 
chemical complexity, diverse sources, and dynamic formation and evolution processes 
(Hildebrandt et al., 2010). Based on ambient measurements around the world, OA 
represents a significant fraction of the submicron particles (Zhang et al., 2007). Thus, 
increasing our understanding of OA is essential to better assess the impacts of aerosols on 
many crucial scientific issues. 
OA can be classified into primary OA (POA) and secondary OA (SOA). POA refers 
to organic aerosols directly emitted by a source, such as fossil fuel combustion. SOA refers 
to organic aerosols generated by oxidation of gaseous precursors which leads to the 
formation of condensable products. Recent studies show that SOA comprises a large 
fraction of the total OA burden. Goldstein and Galbally (2007) estimated SOA formation 
to be approximately 140-910 TgC/yr, while the emission of POA is estimated to be only 
35 TgC/yr. This significant difference in OA burden highlights the importance of studying 
SOA formation. Additionally, SOA accounts for 64%-95% of total OA on average, as 
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shown by analyzing Aerosol Mass Spectrometer data in 37 field campaigns in the mid-
latitudes of the northern hemisphere (Zhang et al., 2007). 
 The most commonly studied mechanism of SOA formation is the gas-phase 
oxidation of volatile organic compounds (VOCs) which forms products of lower volatility 
that subsequently partition into the condensed phase (Kroll and Seinfeld, 2008). SOA yield 
(mass of SOA formed per mass of hydrocarbon reacted) varies greatly for different VOCs 
under different reaction conditions (Chan et al., 2010a; Kroll, 2005, 2006; Ng, 2008; 
Sprengnether et al., 2002; Ng, 2007; Presto, 2005a, b; Griffin et al., 1999). These VOCs 
can come from anthropogenic emissions, biogenic emissions, or the condensed phase 
(Robinson et al., 2007). Volatile organic compounds which are emitted into the atmosphere 
from biogenic sources, mainly from vegetation, are termed biogenic volatile organic 
compounds (BVOCs). Compared to VOCs from anthropogenic emissions and the 
condensed phase, BVOCs have larger global emissions and higher reactivity, therefore 
contributing greatly to total SOA mass. On a global scale, BVOC emissions exceed those 
of non-methane anthropogenic organic compounds by a factor of 10, according to global 
emission inventories (Lamb et al., 1993; Lamb et al., 1987). In addition, most BVOCs are 
highly reactive due to the presence of unsaturated carbon-carbon bonds (Atkinson and 
Arey, 2003b). The oxidation of BVOCs can form products of lower volatility, leading to 
the formation of SOA. Therefore, BVOCs are substantial contributors to the global SOA 





1.2 Source Apportionment of Organic Aerosol in the southeastern US 
The southeastern US is an intriguing region to study aerosol formation. Firstly, the 
fine particulate matter (PM2.5) concentration is generally high and often exceeds the 
National Ambient Air Quality Standards (NAAQS) (Cohan et al., 2007; Blanchard et al., 
2013). Secondly, the southeastern US is characterized by large emissions from both 
biogenic and anthropogenic sources, which makes it an ideal region to study the effects of 
interactions between biogenic/anthropogenic emissions on organic aerosol formation and 
air quality. Roughly, half of the land in the southeastern US is covered by forests, which 
emit large amounts of biogenic volatile organic compounds (VOCs) that are precursors for 
secondary organic aerosol (SOA) formation (Geron et al., 2000; Guenther et al., 2006). 
Based on radiocarbon analysis, Schichtel et al. (2008) showed that about 90% of total 
carbon is biogenic in a rural site in Tennessee. Similarly, Weber et al. (2007) found that 
70-80% of the carbon in water-soluble organic carbon (WSOC, a surrogate for SOA) is of 
biogenic origin in Atlanta, GA. However, recent studies revealed that the formation of SOA 
from biogenic VOCs is largely controlled by anthropogenic emissions in the southeastern 
US (Weber et al., 2007; Xu et al., 2015a). Thirdly, a wide range of air quality data has been 
routinely collected by the SEARCH (SouthEastern Aerosol Research and Characterization) 
network, including multiple rural and urban sites in the southeastern US from 1999 to 2013 
(Edgerton et al., 2005; Hansen et al., 2003; Hidy et al., 2014). Combining short-term field 
campaigns and long-term measurements is useful because short-term field campaigns with 
state-of-the-art instruments can better characterize atmospheric processes and provide 
insights in interpreting the long-term observations. In turn, long-term measurements of 
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basic air quality parameters are helpful when testing the robustness of short-term field 
campaign results (Hidy et al., 2014).  
 A number of field studies have been conducted to understand the sources of OA in 
the southeastern US. Lim and Turpin (2002) showed that ~50% of OC is secondary in 
urban Atlanta by using an EC tracer method. Blanchard et al. (2008) applied three different 
empirical models and estimated that the fraction of secondary OC (SOC) in OC is ~20-
60% in the southeastern US, which was higher at rural sites compared to urban sites and 
higher in summer compared to winter. The authors also showed that the estimated SOC/OC 
ratio highly depends on the estimation methods. By using WSOC as a surrogate for SOC, 
Weber et al. (2007) showed that SOC accounts for roughly 75% of OC in Yorkville, a rural 
site in GA, while the contribution of SOC to OC decreases to about 65% in Georgia 
Institute of Technology, an urban site. However, these studies were based on bulk 
properties, such as OC and WSOC, which makes it challenging for OC source 
apportionment beyond separating it into primary and secondary OC. Attempts have been 
made to apportion OC into different sources based on molecular makers. For example, by 
using molecular maker-based chemical mass balance modeling (CMB-MM), Zheng et al. 
(2006) attributed OC into various primary emission sources such as wood combustion and 
gasoline engine exhaust. However, limited by the number of molecular markers included 
in the model, the CMB-MM method is insufficient to resolve SOC and often results in high 
percentages of unexplained OC (Zheng et al., 2002). Also, filter samples collected on a 
daily basis have been used in most previous studies, which limits the temporal resolution 
and could introduce uncertainty due to filter sampling artifacts. The Aerodyne Aerosol 
Mass Spectrometer (AMS) has been widely used to characterize the chemical composition 
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of submicron non-refractory species with high temporal resolution (Canagaratna et al., 
2007; Jayne et al., 2000). Budisulistiorini et al. (2013) deployed an Aerosol Chemical 
Speciation Monitor (ACSM) (Ng et al., 2011) at the SEARCH Jefferson Street site in 
downtown Atlanta, GA. Various OA sources were identified by factor analysis in 
Budisulistiorini et al. (2013), including one source related to isoprene oxidation. However, 
due to the lower resolving power of ACSM, PMF analysis on ACSM data can have 
difficulty in separating different primary sources such as cooking and vehicle emission, 
which have similar mass spectra (Crippa et al., 2014; Mohr et al., 2009). In addition, 
measurements at both rural and urban sites are needed in order to investigate the spatial 
distribution of aerosol and various OA subtypes. 
1.3 Effects of Anthropogenic Emissions on Secondary Organic Aerosol Formation 
from Biogenic Volatile Organic Compounds 
1.3.1 The Effects of NOx on Isoprene Photooxidation 
Isoprene is the most abundant non-methane hydrocarbon (NMHC) emitted into the 
atmosphere with a global emission of ~500 Tg/year(Guenther et al., 2006). Isoprene 
oxidation by OH radicals plays a critical role in tropospheric ozone (O3) chemistry and 
secondary organic aerosol (SOA) formation(Chameides et al., 1988; Claeys et al., 2004b; 
Carlton et al., 2009; Hallquist et al., 2009). Recent studies have shown that nitrogen oxides 
(NOx=NO+NO2) are highly influential in SOA formation from various hydrocarbon 
precursors, including isoprene (Tuazon et al., 1990; Kroll et al., 2006; Surratt et al., 2010; 
Lane et al., 2008; Sato et al., 2011). NOx effects on SOA formation have been attributed to 
the chemistry of organic peroxy radicals (RO2). While the reaction of RO2 with HO2 and 
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NO2 produces low volatile species, RO2+NO reaction could form volatile species via 
fragmentation of the resultant RO radical (Atkinson, 1997; Kroll and Seinfeld, 2008; 
Hatakeyama et al., 1989). Despite the fact that SOA formation from isoprene has been 
intensively studied, many observations in both laboratory studies and field measurements 
cannot be well explained based on our current knowledge of isoprene oxidation chemistry 
and yield (Lin et al., 2013a; Robinson et al., 2011a; Goldstein et al., 2009; Carlton et al., 
2010; Brock et al., 2003). For example, recent aircraft and ground-based studies during the 
CARES field mission suggested that SOA formation was enhanced when NOx was mixed 
with isoprene-rich air masses, though the mechanism for the enhancement remains unclear 
(Setyan et al., 2012; Shilling et al., 2013). 
1.3.2 The Effects of Sulfate on the Reactive Uptake of Isoprene Epoxydiols 
 Laboratory studies have revealed that the isoprene SOA yield is greatly enhanced 
in the presence of sulfate seed particles resulting in acidic aqueous particles (Surratt et al., 
2010). The enhancement is due to the sulfate induced reactive uptake of isoprene 
epoxydiols (IEPOX), which are isoprene oxidation products from the peroxy radical (RO2) 
+ hydroperoxyl radical (HO2) pathway (Paulot et al., 2009b). Isoprene-derived OA factor 
(i.e., isoprene-OA) resolved by positive matrix factorization (PMF) analysis of aerosol 
mass spectrometry data, which is a surrogate for isoprene SOA through IEPOX reactive 
uptake, has been identified at multiple sampling sites (Robinson et al., 2011a; Slowik et 
al., 2011; Budisulistiorini et al., 2013; Hu et al., 2015; Chen et al., 2015; Xu et al., 2015a; 
Xu et al., 2015b). Specifically, PMF analysis of high resolution AMS data showed that 
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isoprene-OA accounted for 18-36% of OA in summer in the southeastern United States 
(Xu et al., 2015a; Xu et al., 2015b).  
Based on measurements at multiple sites in the southeastern United States, Xu et 
al. (2015a) showed that isoprene-OA is strongly associated with sulfate, but not associated 
with particle pH or particle water as suggested by prior laboratory studies. This strong 
correlation between isoprene-OA and sulfate has been repeatedly observed in many studies 
(Budisulistiorini et al., 2015; Hu et al., 2015) and reproduced in a chemical transport model 
(Marais et al., 2015). However, a coherent explanation regarding the relationships between 
isoprene-OA and sulfate, particle pH, and particle water has not emerged. The model 
results by Marais et al. (2015) suggest that the correlation between isoprene-OA and sulfate 
is caused by sulfate’s influence on volume and pH, although the role of particle volume is 
not explicitly discussed and remains unclear. Regarding the repeatedly observed lack of 
correlation between isoprene-OA and particle pH in ambient measurements 
(Budisulistiorini et al., 2015; Xu et al., 2015a), some studies suggested that it is due to that 
isoprene-OA measured at a surface site is affected by transport, during which the particle 
pH can change (Budisulistiorini et al., 2013). However, Budisulistiorini et al. (2015) 
modeled the concentration of IEPOX-derived SOA tracers with good accuracy by using 
local particle pH and particle water at Look Rock, TN, even though the observed isoprene-
SOA did not correlate with local particle pH. In addition, in Xu et al. (2015a), where 
isoprene-OA was largely locally produced at Centreville, AL as indicated by the highly 
reproducible diurnal variation of isoprene-OA regardless of the origin of air masses, 
isoprene-OA is still not correlated with particle pH. Thus, transport may not explain the 
lack of correlation between isoprene-OA and particle pH. Other possible mechanisms of 
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sulfate on isoprene-OA formation are through the surface accommodation process (Lin et 
al., 2013a) or nucleophilic effects of sulfate (Xu et al., 2015a).  
1.3.3 The Oxidation of Biogenic Volatile Organic Compounds by Nitrate Radical 
Nitrate radical (NO3•, a product of NOx and ozone reaction) is a well-known 
nocturnal oxidant. NO3• reacts rapidly with BVOCs containing double bonds (Atkinson and 
Arey, 2003a) and produce SOA with large yields (Griffin et al., 1999; Hallquist et al., 1999; 
Spittler et al., 2006; Rollins et al., 2009; Fry et al., 2011; Fry et al., 2014; Ng et al., 2008). 
Global modeling studies by Pye et al. (2010) showed that NO3• oxidation can produce 69 
to 88 Tg yr-1 of OA annually.  
The oxidation of BVOCs by NO3• produces large amount of organic nitrates, which 
are important atmospheric species as their fate could affect the nitrogen cycle and ozone 
production (Perring et al., 2013; Mao et al., 2012). Rollins et al. (2012) observed that 
organic nitrates contribute about 27-40% to the OA growth at night in Bakersfield, CA, by 
using a Thermal-Dissociation Laser-Induced-Fluorescence technique (TD-LIF) (Day et al., 
2002). However, the concentration of organic nitrates in the atmosphere is uncertain due 
to limited measurement techniques. Multiple approaches have also been proposed to 
estimate organic nitrates from indirect measurements. For example, Farmer et al. (2010) 
proposed that the concentration of the nitrate functionality (i.e., -ONO2) in organic nitrates 
could be estimated based on the nitrate functionality fragmentation pattern in the AMS, or 





1.4 Scope and Motivations 
 This dissertation covers several emerging issues of atmospheric OA, with a focus 
on the sources apportionment and formation mechanisms of OA in the southeastern US. 
Specifically, in chapter 2, we investigate the sources, seasonal variation, and spatial 
distribution of OA in the southeastern US. In Chapter 3 – 5, we study three mechanisms of 
anthropogenic emissions influencing biogenic SOA formation. Chapter 3 discusses the 
effects of NOx on the SOA from isoprene oxidation based on systematic laboratory 
chamber studies. Chapter 4 presents direct observational evidence on the mechanis and 
magnitude of anthropogenic influence on biogenic SOA formation in the southeastern US 
based on comprehensive ambient surface measurements. Chapter 5 provides further 
insights into the effects of sulfate on SOA formation via reactive uptake of IEPOX through 
airborne measurements. This study acts as a bridge between the idealized laboratory studies 
and complicated atmospheric process. Finally, chapter 6 summarizes the findings in this 





CHAPTER 2: AEROSOL CHARACTERIZATION OVER THE 
SOUTHEASTERN UNITED STATES USING HIGH RESOLUTION 
AEROSOL MASS SPECTROMETRY: SPATIAL AND SEASONAL 
VARIATION OF AEROSOL COMPOSITION AND SOURCES WITH 
A FOCUS ON ORGANIC NITRATES 
2.1 Background 
The southeastern US is an intriguing region to study aerosol formation. Firstly, the 
fine particulate matter (PM2.5) concentration is generally high and often exceeds the 
National Ambient Air Quality Standards (NAAQS) (Cohan et al., 2007; Blanchard et al., 
2013). Secondly, the southeastern US is characterized by large emissions from both 
biogenic and anthropogenic sources, which makes it an ideal region to study the effects of 
interactions between biogenic/anthropogenic emissions on organic aerosol formation and 
air quality. Roughly, half of the land in the southeastern US is covered by forests, which 
emit large amounts of biogenic volatile organic compounds (VOCs) that are precursors for 
secondary organic aerosol (SOA) formation (Geron et al., 2000; Guenther et al., 2006). 
Based on radiocarbon analysis, Schichtel et al. (2008) showed that about 90% of total 
carbon is biogenic in a rural site in Tennessee. Similarly, Weber et al. (2007) found that 
70-80% of the carbon in water-soluble organic carbon (WSOC, a surrogate for SOA) is of 
biogenic origin in Atlanta, GA. However, recent studies revealed that the formation of SOA 
from biogenic VOCs is largely controlled by anthropogenic emissions in the southeastern 
US (Weber et al., 2007; Xu et al., 2015a). Thirdly, a wide range of air quality data has been 
routinely collected by the SEARCH (SouthEastern Aerosol Research and Characterization) 
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network, including multiple rural and urban sites in the southeastern US from 1999 to 2013 
(Edgerton et al., 2005; Hansen et al., 2003; Hidy et al., 2014). Combining short-term field 
campaigns and long-term measurements is useful because short-term field campaigns with 
state-of-the-art instruments can better characterize atmospheric processes and provide 
insights in interpreting the long-term observations. In turn, long-term measurements of 
basic air quality parameters are helpful when testing the robustness of short-term field 
campaign results (Hidy et al., 2014).  
A number of field studies have been conducted to understand the sources of OA in 
the southeastern US. Lim and Turpin (2002) showed that ~50% of OC is secondary in 
urban Atlanta by using an EC tracer method. Blanchard et al. (2008) applied three different 
empirical models and estimated that the fraction of secondary OC (SOC) in OC is ~20-
60% in the southeastern US, which was higher at rural sites compared to urban sites and 
higher in summer compared to winter. The authors also showed that the estimated SOC/OC 
ratio highly depends on the estimation methods. By using WSOC as a surrogate for SOC, 
Weber et al. (2007) showed that SOC accounts for roughly 75% of OC in Yorkville, a rural 
site in GA, while the contribution of SOC to OC decreases to about 65% in Georgia 
Institute of Technology, an urban site. However, these studies were based on bulk 
properties, such as OC and WSOC, which makes it challenging for OC source 
apportionment beyond separating it into primary and secondary OC. Attempts have been 
made to apportion OC into different sources based on molecular makers. For example, by 
using molecular maker-based chemical mass balance modeling (CMB-MM), Zheng et al. 
(2006) attributed OC into various primary emission sources such as wood combustion and 
gasoline engine exhaust. However, limited by the number of molecular markers included 
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in the model, the CMB-MM method is insufficient to resolve SOC and often results in high 
percentages of unexplained OC (Zheng et al., 2002). Also, filter samples collected on a 
daily basis have been used in most previous studies, which limits the temporal resolution 
and could introduce uncertainty due to filter sampling artifacts. The Aerodyne Aerosol 
Mass Spectrometer (AMS) has been widely used to characterize the chemical composition 
of submicron non-refractory species with high temporal resolution (Canagaratna et al., 
2007; Jayne et al., 2000). Budisulistiorini et al. (2013) deployed an Aerosol Chemical 
Speciation Monitor (ACSM) (Ng et al., 2011) at the SEARCH Jefferson Street site in 
downtown Atlanta, GA. Various OA sources were identified by factor analysis in 
Budisulistiorini et al. (2013), including one source related to isoprene oxidation. However, 
due to the lower resolving power of ACSM, PMF analysis on ACSM data can have 
difficulty in separating different primary sources such as cooking and vehicle emission, 
which have similar mass spectra (Crippa et al., 2014; Mohr et al., 2009). In addition, 
measurements at both rural and urban sites are needed in order to investigate the spatial 
distribution of aerosol and various OA subtypes. 
Organic nitrates are important atmospheric species as their fate could affect the 
nitrogen cycle and ozone production (Perring et al., 2013; Mao et al., 2012). Organic 
nitrates, which are primarily formed from VOCs oxidation by nitrate radicals, or by ozone 
and hydroxyl radical in the presence of NOx, have been shown to be an important 
component of organic aerosol. For example, Rollins et al. (2012) observed that organic 
nitrates contribute about 27-40% to the OA growth at night in Bakersfield, CA, by using a 
Thermal-Dissociation Laser-Induced-Fluorescence technique (TD-LIF) (Day et al., 2002). 
Multiple approaches have also been proposed to estimate organic nitrates from indirect 
13 
 
measurements. For example, Farmer et al. (2010) proposed that the concentration of the 
nitrate functionality (i.e., -ONO2) in organic nitrates could be estimated based on the nitrate 
functionality fragmentation pattern in the AMS, or the differences between AMS and ion-
chromatography (IC) measurements.  
In this study, we performed measurements by a suite of instrumentation in multiple 
sites in the greater Atlanta, GA, area, and Centerville, AL, with a focus on a high-resolution 
time-of-flight aerosol mass spectrometer (HR-ToF-AMS). Positive matrix factorization 
analysis is performed on HR-ToF-AMS data to identify distinct OA sources. The 
contribution of organic nitrates to total OA is estimated by different methods based on HR-
ToF-AMS measurements. Measurements were performed in both rural and urban sites to 
investigate the spatial distribution of aerosol in the southeastern US. In addition, 
measurements spanning over a year allow us to evaluate the seasonal variation of aerosol 
composition. These results are supported by long-term measurements from the SEARCH 
network and provide further insights into interpreting historic measurements. 
2.2 Method 
Measurements were conducted at the following sites as part of two field campaigns: 
2.2.1 Southern Oxidant and Aerosol Study (SOAS) 
 The Southern Oxidant and Aerosol Study (SOAS, http://soas2013.rutgers.edu/) is 
a collaborative field campaign that took place from 1 June to 15 July 2013. The sampling 
site (32.94◦N, 87.18◦W) is a SEARCH network site near Centreville, in rural Alabama, as 
shown in Figure 2.1. The site is located in a forested area away from large urban cities 
(55km SE of Tuscaloosa and 84 km SW of Birmingham, AL). Detailed meteorological 
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conditions of the sampling site can be found in Hidy et al. (2014). In brief, the sampling 
period was characterized by high relative humidity (>50% all the time), warm temperatures 
(daily maximum 28.6 °C at 15:00 local time), and light winds (Xu et al., 2015a).  
2.2.2 Southeastern Center for Air Pollution and Epidemiology study (SCAPE) 
 This extensive field study was part of the Southeastern Center for Air Pollution and 
Epidemiology (SCAPE, http://scape.gatech.edu/), which is an EPA-funded joint research 
center between Georgia Tech and Emory University, focusing on the study of air quality 
and the health effects of air pollutants (Verma et al., 2014; Winquist et al., 2014; Russell 
et al., 2014). Four sampling sites in both rural and urban areas are selected, as shown in 
Figure 2.1. Detailed description of each sampling site can be found in Verma et al. (2014) 
and Hansen et al. (2003). Briefly,  
Roadside site (RS site) is on the Georgia Tech campus and adjacent (within 5 m) to 
the Interstate 75/85 (8 lanes each direction). According to Georgia Department of 
Transportation, about 95% of the traffic fleet on the Interstate 75/85 is light-duty gasoline 
vehicles. 
Georgia Tech site (GT site) is also on the Georgia Tech campus, but 840 m away 
from the roadside site. The GT site is located on the top floor of the Ford Environmental 
Science & Technology Building, which is 30-40 m above ground. 
Jefferson Street site (JST site) is a central SEARCH network site, which is about 2 
km west of the Georgia Tech site. This site is situated in Atlanta’s urban area and 
surrounded by a mixed residential and commercial neighborhood and is considered 
representative of urban Atlanta.  
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Yorkville site (YRK site) is the SEARCH rural pair to the JST site located 
approximately 80 km northwest of JST. This site is situated in a mixed forested – 
agricultural area and immediately surrounded by pastures for cattle grazing.  
We outfitted a trailer with a large suite of instrumentation (described in section 2.3) 
and conducted measurements from May 2012 to February 2013, with roughly one month 
at each site, and repeated it in different seasons. The sampling periods are listed in Table 
2.1.  
While the trailer was rotated between multiple sites, we also deployed an Aerosol 
Chemical Speciation Monitor (ACSM, described in section 2.3.2) (Ng et al., 2011) at the 
Georgia Tech site from May 2012 to February 2013. The paired and simultaneous 
measurements using an ACSM at the Georgia Tech site and a High Resolution Time-of-
Flight Aerosol Mass Spectrometer (HR-ToF-AMS, described in section 2.3.1) rotating 
among four different sites allow for investigating spatial distributions of aerosol loading 
and composition in the greater Atlanta area. It is noted that from 20 July to 4 September 
2012, both the HR-ToF-AMS and the ACSM were deployed at the Georgia Tech site for 
instrument inter-comparison. 
2.2.3 Instrumentation 
2.2.3.1 High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) 
An Aerodyne High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS) was rotated among different sites in this study to characterize the composition 
of ambient submicron non-refractory particulate matter (NR-PM1). A detailed description 
of the HR-ToF-AMS can be found in the literature (Canagaratna et al., 2007; DeCarlo et 
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al., 2006). In brief, the HR-ToF-AMS focuses ambient particles with vacuum aerodynamic 
diameter smaller than 1µm into a narrow beam via an aerodynamic lens. The submicron 
particles are then impacted on a hot tungsten surface (~600°C), where non-refractory 
species are flash vaporized. The resultant vapors are ionized using 70eV electron impact 
ionization and analyzed by a time-of-flight mass spectrometer. During sampling, a PM1 
cyclone was used to remove coarse particles. A nafion-dryer was placed upstream of the 
HR-ToF-AMS to dry the particles (relative humidity <20%) in order to eliminate the 
potential influence of relative humidity on particle collection efficiency (CE) at the 
vaporizer (Matthew et al., 2008). Gas-phase interference was eliminated by subtracting the 
signals when the HR-ToF-AMS sampled through a HEPA filter, which was performed 
regularly on a daily basis at different times of the day. Ionization efficiency (IE) 
calibrations were performed with 300nm ammonium nitrate particles, on a weekly basis. 
The composition-dependent CE was applied to the data based on Middlebrook et al. (2012). 
We operated the HR-ToF-AMS in two ion optical modes (V and W) with different 
sensitivity and spectra resolution, but only V mode data are reported in this study 
considering the low intensity of W mode data. The average sampling time was set at two 
minutes. The data analysis was performed using the standard AMS analysis toolkits 
SQUIRREL v1.53 and PIKA v1.12 in Igor Pro 6.34 (WaveMetrics Inc.). Default RIE 
values were used for the HR-ToF-AMS data. Elemental ratios, such as atomic oxygen-to-
carbon ratio (O:C), hydrogen-to-carbon ratio (H:C), and organic mass-to-organic carbon 
ratio (OM:OC), are determined by following the latest procedures recommended by 
Canagaratna et al. (2015). Canagaratna et al. (2015) improved the estimation from Aiken 
et al. (2008), which has been widely used in the literature to estimate elemental ratios, by  
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Table 2.1. Sampling sites and periods for the SCAPE and SOAS studies. Campaign average meteorological conditions, mixing ratios of 
gas-phase species, and mass concentrations of black carbon and NR-PM1 species for all datasets. Average ± one standard deviation are 
reported. 














6/26/2012 -  
7/20/2012 
7/20/2012 -  
9/4/2012 
11/6/2012 -  
12/4/2012 
12/5/2012 -  
1/10/2013 
1/26/2013 -  
2/28/2013 
Abbreviation JST_May CTR_June YRK_July GT_Aug JST_Nov YRK_Dec RS_Jan 
Meta 
T (°C)b 23.0 ± 4.3 24.7 ± 4.3 26.9 ± 4.5 26.1 ± 3.5 11.3 ± 5.0 7.8 ± 5.5 8.1 ± 4.8 
RH(%) 65.8 ± 19.3 82.9 ± 15.3 61.9 ± 18.5 71.2 ± 17.2 64.5 ± 20.6 74.2 ± 20.1 64.6 ± 25.3 
WS (m s-1) 1.6 ± 1.1 1.9 ± 0.9 2.3 ± 1.1 1.3 ± 0.8 1.3 ± 0.9 3.4 ± 1.7 2.1 ± 1.4 
Gas 
(ppb) 
NO 4.1 ± 13.0 0.1 ± 0.2 0.1 ± 0.1 N/A 32.1 ± 60.2 0.3 ± 0.8 N/A 
NO2 10.3 ± 10.3 0.6 ± 0.6 1.1 ± 0.8 N/A 18.4 ± 12.8 3.0 ± 3.0 N/A 
SO2 0.4 ± 0.7 0.3 ± 0.7 0.4 ± 0.5 N/A 1.2 ± 1.7 0.6 ± 1.1 N/A 
O3 39.0 ± 21.9 26.4 ± 12.4 41.1 ± 17.0 N/A 18.8 ± 14.5 28.8 ± 8.3 N/A 
PM2.5 
(μg m-3) 




SO4 3.0 ± 1.5 1.9 ± 1.4 3.5 ± 1.8 4.0 ± 2.1 1.7 ± 0.9 1.4 ± 1.0 1.6 ± 1.2 
NO3 0.4 ± 0.3 0.1 ± 0.1 0.3 ± 0.2 0.4 ± 0.4 1.2 ± 1.1 0.8 ± 0.8 1.4 ± 1.3 
NH4 1.1 ± 0.5 0.4 ± 0.3 1.1 ± 0.5 1.2 ± 0.6 0.9 ± 0.6 0.6 ± 0.5 0.9 ± 0.6 
Chl 0.03 ± 0.03 0.01 ± 0.01 0.03 ± 0.03 0.02 ± 0.01 0.06 ± 0.07 0.04 ± 0.07 0.06 ± 0.11 
Org 9.1 ± 4.3 5.0 ± 4.0 11.2 ± 6.4 9.6 ± 4.4 7.9 ± 5.1 3.2 ± 2.3 4.7 ± 3.6 
a Meteorological data at JST and YRK are recorded by Atmospheric Research & Analysis (ARA). Meteorological data at GT and RS are from JST during the same 
periods. 
b The numbers reported in the table are campaign-averaged values based on high temporal resolution data (1 - 60min depending on instrument).  
c Black carbon concentration was measured by a seven-wavelength Aethalometer at GT_Aug and JST_Nov and by a multi-angle absorption photometer (MAAP) 
at CTR_June, YRK_Dec, and RS_Jan.
 
1 
including composition-dependent correction factors. Caution is required when comparing 
the elemental ratios in this study with values reported in the literature, which typically used 
the Aiken estimation. Nitrate signals (NO+ and NO2+) and sulfate signals (SO+, SO2+, etc) 
are not included in the elemental ratio calculations. Oxidation state (OS) is calculated as 
2*O:C – H:C (Kroll et al., 2011). 
2.2.3.2 Aerosol Chemical Speciation Monitor (ACSM) 
 An Aerosol Chemical Speciation Monitor (ACSM) was stationary at the Georgia 
Tech site from 10 May 2012 to 28 February 2013. Similar to the HR-ToF-AMS, the ACSM 
also provides continuous, quantitative measurements of NR-PM1 (Ng et al., 2011). The 
mass resolving power of ACSM (~200) is lower than that of the HR-ToF-AMS (~2000 in 
V mode) due to use of a low cost residual gas analyzer (RGA) quadrupole mass 
spectrometer in ACSM (Ng et al., 2011). In addition, the time resolution of ACSM 
(~30min) is longer than that of HR-ToF-AMS (~2min). The response factor (RF) of the 
ACSM was also determined by using 300nm ammonium nitrate particles (Ng et al., 2011). 
The relative ionization efficiency (RIE) values used for organics, nitrate, and chloride are 
1.4, 1.1, and 1.3, respectively. RIE values of 4.18 and 0.59 were used for ammonium and 
sulfate, which were determined from IE calibrations by using ammonium nitrate and 
ammonium sulfate particles.  
2.2.3.3 Co-located Instruments 
  In addition to the HR-ToF-AMS, we deployed various instruments in the trailer 
while performing measurements at multiple sites (Verma et al., 2014). Instruments of 
interest to this study include a PILS-LWCC-TOC system (Particle Into Liquid Sampler - 
Liquid Waveguide Capillary Cell - Total Organic Carbon analyzer), a seven-wavelength 
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Aethalometer and a multi-angle absorption photometer (MAAP). The PILS-LWCC-TOC 
system continuously (i.e., 15min resolution) measured the light absorption spectra of 
water-soluble organic components. The detailed working principle of the PILS-LWCC-
TOC system can be found in Hecobian et al. (2010). In brief, water-soluble species are first 
dissolved in water in a PILS (Weber et al., 2001). The liquid sample from the PILS is then 
injected into a Liquid Waveguide Capillary Cell, where the absorption spectra are collected 
over wavelengths of 200 to 800nm. The average light absorption between 360 to 370 nm 
is used as a measure of brown carbon light absorption. Black carbon concentration was 
measured by either a seven-wavelength Aethalometer or a multi-angle absorption 
photometer (MAAP). For the Aethalometer, measurements at 660nm were chosen to 
represent the black carbon concentration, because 660nm is closest to the wavelength 
utilized by the MAAP. The measured data were corrected for loading effects (Virkkula et 
al., 2007). The temporal resolutions are 2 min and 1 min for Aethalometer and MAAP, 
respectively. 
At the Jefferson Street (JST) and Yorkville (YRK) sites, a suite of instruments was 
operated by the SEARCH Network. Detailed descriptions about the collocated instruments 
can be found in Hansen et al. (2003) and Edgerton et al. (2005). In brief, O3 concentration 
was measured by a UV-absorption analyzer with a temporal resolution of 1min. NO and 
NOx were measured by a chemilumnescence analyzer (1min temporal resolution), where 
the NO2 concentration was calculated by subtracting NO from the total NOx. PM2.5 sulfate 
and OC were continuously measured by a Fe reduction/UV-fluorescence analyzer and an 
oxidative combustion (R&P 5400) analyzer, respectively. The temporal resolution is 5min 
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and 60min for PM2.5 sulfate and OC, respectively. Meteorological conditions, such as 
temperature, relative humidity (RH), solar radiation, and wind speed were also recorded.  
2.2.4 Positive Matrix Factorization (PMF) Analysis 
 Positive Matrix Factorization (PMF) is a mathematical technique to solve bilinear 
unmixing problems (Paatero, 1997; Paatero and Tapper, 1994). PMF analysis has been 
widely applied in the aerosol community for source apportionment (Ulbrich et al., 2009; 
Jimenez et al., 2009; Zhang et al., 2010; Lanz et al., 2007; Ng et al., 2010; Beddows et al., 
2015; Jaeckels et al., 2007; Visser et al., 2015a). For the data measured by AMS, PMF 
analysis represents the observed data matrix as a linear combination of various factors with 
constant mass spectra but varying concentrations across the dataset (Ulbrich et al., 2009; 
Zhang et al., 2011). To determine the sources of organic aerosol, PMF analysis was 
performed on the high-resolution organic mass spectra (m/z 12 - 200) obtained by the HR-
ToF-AMS for each sampling dataset. We generated the organic data matrix and error 
matrix from PIKA v1.12 and pretreated the error matrix by using PMF Evaluation Toolkit 
(PET) software following the procedure described in Ulbrich et al. (2009). Variables (i.e., 
m/z’s) with a signal-to-noise ratio less than 0.2 are removed and variables with a signal-to-
noise ratio ranging between 0.2 and 2 are downweighted by a factor of 2. We 
downweighted the errors of O+, HO+, H2O+, and CO+, which are related to CO2+ signal, to 
avoid excessive weighting of CO2+. In addition, for four datasets (JST_May, CTR_June, 
YRK_July, and GT_Aug), the error of CHO+ is downweighted by a factor of 4. This is 
because that PIKA v1.12 appears to underestimate CHO+ error, possibly caused by the 
overlap of the CHO+ (m/z 29.0027) ion with its adjacent N2 isotope ion (j15NN, m/z 
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29.0032). For the other three datasets (JST_Nov, YRK_Dec, and RS_Jan), CHO+ is not 
included in the PMF analysis due to its occasional negative signal, which is likely caused 
by a low CHO+ signal in winter. At times, the CHO+ concentration is near the detection 
limit, so a shift in threshold might cause the CHO+ signal to be treated as noise. PMF 
solutions were carefully evaluated according to the procedure outlined in Zhang et al. 
(2011). For each dataset, the optimal solution was determined after examining the residuals 
of PMF fits, interpretability of factor’s diurnal trend, factor correlation with external 
tracers, and characteristic signatures of factor mass spectrum. The rotational ambiguity of 
solutions was examined by changing the parameter FPEAK and the robustness of solutions 
were evaluated by starting PMF with different initial conditions (parameter SEED). The 
key diagnostic plots for all datasets are shown in Fig. S1. An FPEAK value of 0 is used for 
all datasets in our PMF analysis on organic mass spectra, because the use of FPEAK values 
that are different from 0 do not improve the correlations between PMF factors with external 
tracers. 
2.2.5 Estimation of organic nitrates contribution to ambient OA 
 As direct measurements of organic nitrates are not available, we estimate the 
concentration of particle-phase organic nitrates at each site based on HR-ToF-AMS 
measurements in this study. It is important to note that total nitrates measured by the HR-
ToF-AMS (denoted as NO3,meas) is the nitrate functionality (-ONO2), which could arise 
from both inorganic and organic nitrates. Here, we apply two independent methods in 
separating the measured total nitrates into nitrate functionality from inorganic and organic 
nitrates. In the following discussion, we use the subscripts meas, inorg, and org to denote nitrate 
5 
 
functionality (-ONO2) or fragments (NO+ and NO2+) from total nitrates (measured), 
inorganic nitrates (calculated), and organic nitrates (calculated), respectively.  
The first method is based on the NO+/NO2+ ratio (denoted as NOx+ ratio method for 
discussions hereafter) in the AMS mass spectra (Farmer et al., 2010). Due to the extensive 
fragmentation caused by 70eV electron ionization in the HR-ToF-AMS, the nitrate 
functionality (-ONO2) fragments to produce NO+ and NO2+ ions. Previous laboratory 
studies have shown that the NO+/NO2+ ratio in the aerosol mass spectrum is substantially 
higher for organic nitrates than ammonium nitrate (AN) (Bruns et al., 2010; Fry et al., 
2009; Sato et al., 2010; Farmer et al., 2010; Boyd et al., 2015), which is the major source 
of PM1 inorganic nitrates in the southeast US that can be detected by the AMS (Guo et al., 
2015; Allan et al., 2004). For example, while the NO+/NO2+ ratio is about 2.4 for 
ammonium nitrate, the ratio ranges from 5 to 10 for SOA derived from isoprene+NO3• and 
β-pinene+NO3• reactions, respectively (Bruns et al., 2010; Boyd et al., 2015). In addition 
to organic nitrates produced from biogenic VOC oxidation, Sato et al. (2010) showed that 
the NOx+ ratio of organic nitrates from the photooxidation of aromatic hydrocarbons is also 
clearly higher than that of ammonium nitrate (3.8-5.8 vs 1.1-2.8). Based on the differences 
in NOx+ ratio between organic and inorganic nitrates, Farmer et al. (2010) proposed that 
the concentrations of NOorg and NO2,org can be estimated from NOmeas and NO2,meas by Eq. 
2.1 and 2.2.  
  Eq. 2.1 




NO ×(R -R )
NO =
R -R
org ON 2,orgNO =R ×NO
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Rmeas is the NOx+ ratio from observation. RAN is the NOx+ ratio for pure ammonium nitrate 
(AN), which has been reported to depend on instrument performance and vary between 
different instruments (Farmer et al., 2010; Rollins et al., 2010). In this study, we determine 
the RAN of each dataset from Ionization Efficiency (IE) calibrations using 300nm 
ammonium nitrate particles. We find that RAN varies between 1.73 and 2.93 (Table 2.2), 
which is within the range (1.1 – 3.5) reported in the literature (Sato et al., 2010; Farmer et 
al., 2010; Sun et al., 2012b; Fry et al., 2013). RON is the NOx+ ratio for organic nitrates. 
Similar to RAN, RON also varies between instruments (Boyd et al., 2015; Bruns et al., 2010; 
Fry et al., 2009). Thus, the RON values reported in the literature cannot be directly applied 
in our datasets. In order to circumvent this issue, Fry et al. (2013) assumed that the RON/RAN 
value is instrument independent. The authors further obtained RON by multiplying RAN 
determined from in-field IE calibrations with RON/RAN determined from six organic nitrate 
standards (average value = 2.25) . However, the reported RON/RAN values in the literature vary for 
different organic nitrates. For example, while the average RON/RAN value is 2.25 for the 
organic nitrate standards in Farmer et al. (2010), the RON/RAN ranges from 3.70 to 4.17 for 
organic nitrates produced from β-pinene oxidation by nitrate radicals (Boyd et al., 2015; 
Bruns et al., 2010; Fry et al., 2009). Considering the large variations in RON/RAN values 
and unknown contributions from different organic nitrates, we apply the NOx+ ratio method 
to obtain an estimation range by using extreme RON values. We select organic nitrates 
formed from isoprene and β-pinene oxidation as representative because of their large 
abundance in the southeastern US, potential to produce organic nitrates, and because that 
they cover a wide range of RON/RAN values (i.e., 2.08 for isoprene and 3.70-4.17 for β-
pinene) (Boyd et al., 2015; Bruns et al., 2010; Fry et al., 2009). The organic nitrates  
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Table 2.2. A summary of organic nitrates estimation from NOx+ ratio method. RAN 
represents the NOx+ ratio (=NO+/NO2+) for pure ammonium nitrate (AN). Rmeas represents 
the NOx+ ratio from observation. NO3,meas represents the total nitrate functionality (from 
both organic and inorganic nitrates) as measured by the HR-ToF-AMS. NO3,org represents 
the nitrate functionality from organic nitrates, which is estimated from the NOx+ ratio 
method. ON and OA represent organic nitrate and organic aerosol, respectively. 
Site RANa Rmeas 
R with LO-OOA 
NO3,org conc.  
(μg m-3)d 
NO3,org/NO3,meas ON/OAe 
NO3,meas NO3,orgb lower upper lower upper lower upper 
JST_May 1.73 4.47 0.68 0.78 0.19 0.27 0.55 0.76 0.07 0.14 
CTR_Junec 2.93 7.10 0.76 0.84 0.06 0.08 0.80 1.00 0.06 0.10 
YRK_July 2.24 5.45 0.66 0.83 0.18 0.28 0.63 1.00 0.05 0.12 
GT_Aug 2.26 6.17 0.56 0.70 0.21 0.33 0.64 0.99 0.07 0.16 
JST_Nov 1.95 3.12 0.14 0.63 0.23 0.25 0.19 0.21 0.09 0.15 
YRK_Dec 2.24 3.16 0.29 0.08 0.09 0.16 0.11 0.21 0.09 0.25 
RS_Jan 2.62 2.78 0.46 -0.22 0.13 0.13 0.10 0.10 0.09 0.13 
 
a RAN is determined from IE calibrations at each site. 
b The Pearson’s correlation coefficient (R)  between LO-OOA and NO3,org are obtained by using RON = 10 in 
the NOx+ ratio method. 
c For CTR_June, only 6/24 - 7/15 data are reported in order to compare with results from AMS-IC method 
where a PM1 cyclone was used. 
d For CTR_June and YRK_July, the NOx+ ratio method with RON = 10 and PMF method define the lower and 
upper bound for NO3,org, respectively; for JST_Nov, YRK_Dec, the PMF method and NOx+ ratio method 
with RON = 10 define the lower and upper bound, respectively; for RS_Jan, the PMF method defines both the 
lower and upper bound; for JST_May and GT_Aug, the NOx+ ratio method with RON = 10 and 5 defines the 
lower and upper bound, respectively. 
e The lower and upper bounds correspond to an assumed MW of organic nitrates of 200 and 300 g mol-1. 
 
derived from other biogenic VOCs (i.e., α-pinene, limonene, 3-carene, etc) are not 
considered due to either their lower ambient concentrations in the SE US or lower organic 
nitrate yields compared to isoprene and β-pinene (Xu et al., 2015a). Though the 
photooxidation of aromatic VOCs could also produce organic nitrates, their RON/RAN ratio 
is close to that of isoprene organic nitrates (Sato et al., 2010). Multiplying the average RAN 
(i.e., 2.28±0.40) of all datasets in this study by the average RON/RAN ratio of isoprene (i.e., 
2.08) and β-pinene organic nitrates (i.e., 3.99±0.25) in the literature (Boyd et al., 2015; 
Bruns et al., 2010; Fry et al., 2009), within one standard deviation we selected 5 (i.e., 
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4.74±0.83) and 10 (i.e., 9.10±1.69) as the lower and upper values of RON. It is important to 
note that RON values of 5 and 10 likely correspond to upper and lower bounds of the NO3,org 
concentrations estimated by the NOx+ ratio method. The assumption that RON/RAN is 
instrument independent warrants further study. 
 The second method is based on PMF analysis (denoted as PMF method). In addition 
to PMF analysis on organic mass spectra (denoted as PMForg), we have also performed 
PMF analysis on organic mass spectra together with NO+ and NO2+ ions (denoted as 
PMForg+NO3). Such analysis could provide useful insights regarding the relative 
contributions of organic and inorganic nitrates.  For instance, Sun et al. (2012b) and Hao 
et al. (2014) performed PMF analysis on merged mass spectra with both organic and 
inorganic signals from HR-ToF-AMS measurements. The authors showed that the NO+ 
and NO2+ fragments are distributed among a nitrate inorganic aerosol (NIA) factor and 
other organic aerosol factors.  
In this study, the selection of optimal solutions for PMF analysis on the merged 
mass spectra (i.e., PMForg+NO3) is discussed in detail in the Supplement. In brief, in addition 
to examining the typical diagnostic plots (Fig. S3), the optimal solutions are selected by 
comparing the time series (Fig. S5), mass spectrum (Fig. S5), and mass concentration (Fig. 
S6) with results from PMForg. After determining the optimal solution of PMForg+NO3, the 
concentrations of “nitrate functionality from organic nitrates” (i.e., NO3,org) are calculated 
by summing up the nitrate signals (i.e., NO+ and NO2+) from all OA factors by the 
following equations. 
   Eq. 2.3 +org i i[NO ]= ([OA factor]  × f_NO )
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  Eq. 2.4 
where [OA factor]i is the mass concentration of the ith OA factor, f_NOi and f_NO2,i are 
the mass fraction of NO+ and NO2+, respectively, in the ith OA factor. For both the NOx+ 
ratio method and PMF method, we calculate the concentration of NO3,inorg (i.e., nitrate 
functionality from inorganic nitrates) by subtracting NO3,org (i.e., nitrate functionality from 
organic nitrates) from NO3,meas (i.e., total measured nitrates). 
2.3 Results 
Table 2.1 lists the meteorology parameters (temperature, relative humidity, and 
wind speed), gas-phase concentrations of NO, NO2, and O3, and aerosol composition of 
the seven datasets reported in this study. The average RH is above 60% for all the datasets, 
with little seasonal variation, which is consistent with previous observations (Ford and 
Heald, 2013). The high RH in the southeastern US has direct impacts on particle water 
content and particle acidity. Recently, Guo et al. (2015) showed that particle water and 
acidity are mainly driven by the variability of RH, although particle composition also plays 
a role. The average wind speed is relatively constant (1.3–3.4 m s-1) throughout the year at 
all sites. NOx (NO and NO2) and black carbon (BC), which are tracers for anthropogenic 
emissions, are lower in the rural Yorkville (YRK) site than the urban Jefferson Street (JST) 
site. In YRK, the NOx level is low (i.e., average concentration < 0.3 ppb) in all seasons. In 
contrast, at the urban JST site, the NOx level is elevated in winter compared to summer, 
indicating more anthropogenic emissions, or less dispersion, in winter at urban sites.  
Figure 2.2 shows the composition of non-refractory submicron particulate matter 
(NR-PM1) for all datasets. Organics are the dominant components, which account for more 
+
2,org i 2,i[NO ]= ([OA factor]  × f_NO )
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than 50% of NR-PM1 mass at all sites throughout the year. Although dominant, the 
concentration of organic aerosol varies substantially among sites and seasons. The seasonal 
variation of OA mass concentration is small for the urban JST site (9.1 µg m-3 in May vs 
7.9 µg m-3 in November); however, the OA concentration is about 4 times higher in summer 
than winter for the rural YRK site (11.2 µg m-3 in July vs 3.2 µg m-3 in December). The 
difference in seasonality of OA between urban and rural sites is likely due to the varying 
strength of different OA sources, which will be discussed in detail in section 4.4.2. In terms 
of diurnal variation, the OA diurnal trend is relatively flat in summer and peaks at night in 
winter (Figure 2.3). The diurnal variation of OA is largely influenced by the changes in 
planetary boundary layer height and changes in contributions to total OA from various 
sources, which will be discussed in detail in section 4.4.1. The campaign-average mass 
spectra of OA from all datasets are similar, as shown in Fig. S7. In order to assess the 
degree of oxidation of OA, average f44 (the ratio of m/z 44 to total OA signal) and f43 (the 
ratio of m/z 43 to total OA signal) of each dataset is plotted in the triangular space as defined 
by Ng et al. (2010) in Figure 2.4. The OA from all datasets locate in the middle part of the 
triangle, indicating they are moderately oxidized and have a similar degree of oxidation.  
Following organics, sulfate (SO4) has the second largest contribution to total NR-PM1 mass 
at all sites (Figure 2.2). Average SO4 concentration varies between 3.0 to 4.0 µg m-3 at 
different sites in summer and decreases to 1.4~1.7 µg m-3 in winter. The SO4 concentration 
at most sites (except JST_Nov and RS_Jan) reaches a daily maximum in the afternoon 
(Figure 2.3), which is likely caused by the strong photooxidation of SO2 or sulfate 
entrainment from aloft when the boundary layer height is the highest in the afternoon 
(Weber, 2003). In contrast to SO4, where the concentration is higher in summer, total nitrate 
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concentration is elevated in winter. While the average concentration of total nitrates is 0.3-
0.4 µg m-3 (2-3% of total NR-PM1, Figure 2.2) in summer, it almost triples in winter (0.8-
1.4 µg m-3) with elevated mass fraction in total NR-PM1 (10-16%). The reason for the 
seasonal variation of the total nitrates will be discussed in section 4.2.2.  
2.4 Discussion 
2.4.1 OA source apportionment  
 In this section, we focus on the OA source apportionment based on results from 
PMF analysis on organic mass spectra only (i.e., PMForg). We resolved various factors, 
including hydrocarbon-like OA (HOA), cooking OA (COA), biomass burning OA 
(BBOA), isoprene-derived OA (Isoprene-OA), more-oxidized oxygenated OA (MO-
OOA), and less-oxidized oxygenated OA (LO-OOA) at multiple sites in different seasons. 
Based on the inferred volatility from O:C ratios, the two oxygenated OA factors (i.e., MO-
OOA and LO-OOA) are typically named as low-volatility OOA (higher O:C and lower 
volatility) and semi-volatile OOA (lower O:C and higher volatility) (Ng et al., 2010; 
Jimenez et al., 2009). However, recent studies showed that O:C ratios are not always well-
correlated with aerosol volatility (Hildebrandt et al., 2010; Xu et al., 2014). Thus, in this 
study, we use the terms “more-oxidized OOA” (MO-OOA, O:C ranges between 0.66 and 
1.05, with an average of 0.87) and “less-oxidized OOA” (LO-OOA, O:C ranges between 
0.44 and 0.62, with an average of 0.54) (Fig. S10). This terminology has been used in 





 Hydrocarbon-like organic aerosol (HOA) is a surrogate of primary OA from vehicle 
emissions. Among all the OA factors, HOA is the least oxidized with oxidation state (OS) 
ranging from -1.86 to -1.39 (Figure 2.4). The mass spectrum of HOA is characterized by 
hydrocarbon-like ions (CxHy family) as shown in Fig. S2, which is similar to the mass 
spectrum of freshly emitted traffic aerosol (Zhang et al., 2005). HOA is only identified at 
urban sites with evident morning and evening rush hour peaks (Figure 2.5). HOA also 
shows good correlation with black carbon (R ranges from 0.70 to 0.83) (Fig. S2), further 
supporting the primary nature of this OA subtype.  
 For the sites where HOA is identified, HOA accounts for 9-15% (daily average) of 
total OA (Figure 2.6). Even for the roadside (RS) site, which is within 5 meter of the 
Interstate 75/85, HOA only contributes 15% of total OA. Low contributions of HOA to 
total OA near highways have been observed in several prior studies (Sun et al., 2012a; 
DeWitt et al., 2014). For example, DeWitt et al. (2014) found that HOA only comprised 
20% of total OA based on HR-ToF-AMS measurements in a high diesel environment (near 
a highway) in Paris, France. The small contribution of HOA could arise from the types of 
vehicles on road, the rapid dilution of vehicle emissions, or the high level of regional 
background OA. Firstly, roughly 95% of the traffic fleet on I75/85 is light-duty gasoline 
vehicles, according to Georgia Department of Transportation. Unlike diesel vehicles which 
have large emissions of POA and BC, gasoline vehicles have a larger emission of VOCs 
(e.g., toluene and benzene) (Platt et al., 2013). Secondly, in addition to vehicle type, the 
evaporation of POA emitted from vehicles would further decrease its mass concentration. 
Robinson et al. (2007) showed that POA from vehicle emissions is indeed semi-volatile, 
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which would evaporate substantially upon dilution from tailpipe to ambient conditions (a 
dilution ratio of 103 to 104). Thirdly, HOA tends to contribute a small fraction of OA 
because of the high level of regional background OA in the greater Atlanta area. For 
example, OOA factors (i.e., LO-OOA and MO-OOA) compromise 47-79% of OA as 
shown in Figure 2.6. The effect of wind direction on HOA concentration is expected to be 
small considering the close proximity of the roadside sampling site to the highway.  
2.4.1.2 COA 
 The mass spectrum of cooking organic aerosol (COA) is characterized by 
prominent signals at ions C3H5+ (m/z 41) and C4H7+ (m/z 55) (Fig. S2), which could arise 
from the heating of seed oil (Allan et al., 2010). Another feature of COA is its unique 
diurnal trend. For three out of four datasets (except JST_Nov) where a COA factor is 
identified, the COA factor exhibits a small peak at lunch time and a large peak at dinner 
time (Figure 2.5). The COA factor is identified in urban sites (JST, GT, and RS) throughout 
the year, with the average mass fraction varying from 12-20%. A prior study by Zheng et 
al. (2002) estimated that meat cooking accounts for 5-12% of PM2.5 organic carbon in the 
southeastern US by using a chemical mass balance receptor model. The range reported by 
Zheng et al. (2002) is similar to our study, considering the differences in sampling periods, 
particle size range, and estimation method. The COA factor has also been detected in many 
megacities around the world (Huang et al., 2010; Allan et al., 2010; Slowik et al., 2010; 




We note that the COA factor was not resolved in Budisulistiorini et al. (2013), in 
which the authors performed PMF analysis on the data collected by an Aerosol Chemical 
Speciation Monitor (ACSM) at the JST site in 2011 summer and fall. The lack of a COA 
factor in the analysis by Budisulistiorini et al. (2013) could be a result of the lower 
resolution (unit mass resolution) of the ACSM compared to HR-ToF-AMS. Previous 
studies have suggested that COA is not easily differentiated from HOA due to the similarity 
of their mass spectra in unit mass resolution data (Crippa et al., 2014; Mohr et al., 2009). 
2.4.1.3 Isoprene-OA 
The Isoprene-OA factor is characterized by prominent signals at C4H5+ (m/z 53) 
and C5H6O+ (m/z 82) in its mass spectrum (Fig. S2), which resembles that of isoprene SOA 
formed via isoprene epoxydiols (i.e., IEPOX) uptake in the presence of hydrated sulfate in 
laboratory experiments (Lin et al., 2012; Budisulistiorini et al., 2013; Nguyen et al., 2014; 
Liu et al., 2015b). For our datasets, Isoprene-OA is only identified in warmer months (May 
- August) and accounts for 18-36% of total OA (Figure 2.6). The seasonal variation of 
Isoprene-OA factor is consistent with that of isoprene emissions, which are high in summer 
and nearly zero in winter (Guenther et al., 2006). The identification of the Isoprene-OA 
factor is further supported by its correlation with methyltetrols, which are products formed 
from isoprene oxidation and likely via IEPOX uptake. For the Centreville dataset where 
methyltetrols were continuously measured by a semi-volatile thermal desorption aerosol 
gas chromatograph (SV-TAG) (Isaacman et al., 2014), the correlation coefficient 
(Pearson’s R) between the Isoprene-OA factor and methyltetrols is found to be 0.68 (Xu et 
al., 2015a).  
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The fC5H6O+ (the ratio of C5H6O+ to total signal) in isoprene-OA factor, which is 
used as a characteristic marker for SOA formed via IEPOX uptake in the literature, ranges 
from 0.9% - 2.3% in this study. This range is similar to the values from other ambient data 
(Budisulistiorini et al., 2013; Chen et al., 2014; Robinson et al., 2011a; Slowik et al., 2011), 
but lower than that from laboratory-generated fresh SOA from IEPOX uptake (3.6% from 
Liu et al. (2015b)). We note that the fC5H6O+ is higher at rural sites (1.9% for YRK_July and 
2.3% for CTR_June) than urban sites (0.9% for JST_May and 1.4% for GT_Aug). 
Similarly, Liu et al. (2015b) observed that the mass spectrum of laboratory-generated SOA 
from IEPOX uptake has a stronger correlation with that of Isoprene-OA factor from remote 
regions (Amazon and Borneo) than urban regions (Atlanta, US). The identification of an 
Isoprene-OA factor at urban sites in the current study has interesting implications. The 
compound IEPOX is thought to be an oxidation product of isoprene where the organic 
peroxy radicals react with hydroperoxy radicals (Paulot et al., 2009b). In urban areas, one 
would expect the majority of organic peroxy radicals to react with NOx, considering the 
relatively high NOx level (~15.4 ppb for JST_May in Table 2.1). However, a recent 
laboratory study by Jacobs et al. (2014) found that the oxidation of isoprene-derived 
hydroxynitrates in the presence of NOx could also produce IEPOX. Thus, Isoprene-OA 
observed in urban sites could be locally produced. Another possible source for Isoprene-
OA at urban sites is advection from rural sites. This could explain the lower fC5H6O+ in the 
Isoprene-OA factor in urban sites, because the compounds which give rise to the C5H6O+ 
signal can be further oxidized during transport. However, the lifetime of the Isoprene-OA 
factor and the changes in its mass spectral features with chemical aging are largely 
uncertain. The contribution of advection is probably small as it is unlikely that advection 
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would result in a consistent diurnal profile of Isoprene-OA, which reaches a daily 
maximum in the afternoon observed not only in this study (Figure 2.5), but also in other 
regions, such as Amazon (Chen et al., 2014) and Borneo forest (Janssen et al., 2013; 
Robinson et al., 2011a). In addition, Robinson et al. (2011a) only observed the Isoprene-
OA factor in data obtained from afternoon flights, but not in morning flights through 
airborne measurements in the Borneo forest, implying that the Isoprene-OA formation is 
rapid and local. Another possibility for the lower fC5H6O+ at the urban sites is that Isoprene-
OA factor from the urban sites may contain isoprene SOA produced via other pathways, in 
addition to the IEPOX uptake pathway. Isoprene SOA formed via RO2+NO pathway only 
has a negligible signal at C5H6O+ (Kroll et al., 2006; Xu et al., 2014), so that the mixing of 
Isoprene SOA via different pathways may lower the fC5H6O+ in the Isoprene-OA factor. 
Moreover, seasonality may also have an influence on the lower fC5H6O+ at the urban sites 
since the sampling periods at the urban sites are May and August, when the isoprene 
concentration is relatively lower than that during the sampling periods at the rural sites 
(i.e., June and July). 
For all the sites where an Isoprene-OA factor is resolved, the Isoprene-OA factor is 
found to be well-correlated with sulfate (R ranging from 0.73 to 0.88, Fig. S2). Xu et al. 
(2015a) showed that the formation of isoprene-OA in the southeastern US is largely 
controlled by the abundance of sulfate, instead of the particle water content and/or particle 
acidity. While many prior laboratory studies show that particle acidity plays an important 
role in IEPOX uptake (Gaston et al., 2014; Surratt et al., 2007), results from ambient 
observations suggest that particle acidity is critical, but not the limiting factor in isoprene 
OA formation in the southeastern US, which is likely due to the consistently high particle 
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acidity in the southeastern US (Guo et al., 2015; Xu et al., 2015a). Guo et al. (2015) showed 
that the daily average particle pH throughout the southeastern US ranges between 1.1 and 
1.3 in summer time. In the afternoon, when the isoprene mixing ratio is highest and 
photochemistry is strongest, the particle pH is even lower, ranging between 0 and 0.75 due 
to lower particle water content. A recent chamber study (Gaston et al., 2014) showed that 
decreasing pH from 4.63 to 0.5 could greatly enhance IEPOX uptake by up to 150 times, 
but the enhancement is much weaker (a factor of 2) when furthering decreasing the pH 
from 0.5 to -0.27, the range of which is relevant to ambient particle pH (0-0.75) in the 
summer afternoon in the southeastern US (Guo et al., 2015). Similarly, another laboratory 
study also showed that the effect of particle acidity on IEPOX uptake is minor when the 
particle pH is low (Nguyen et al., 2014). By comparing the reactive uptake of IEPOX by 
using wet (NH4)2SO4 seed (pH ~3.5) and wet MgSO4+H2SO4 mixture seed (pH~0-1 with 
large uncertainty), Nguyen et al. (2014) found that the reactive partitioning coefficient of 
IEPOX increases by only 1.5 times as pH decreases from 3.5 to 1 (H+(aq) increases by two 
or three orders of magnitude). Taken together, laboratory studies revealed that while 
increasing particle acidity could greatly enhance IEPOX uptake when pH is high, the 
sensitivity of IEPOX uptake to particle acidity is minor when pH is low. This is likely 
caused by isoprene OA formation from IEPOX uptake being limited by nucleophiles 
instead of catalyst activity under low pH (Eddingsaas et al., 2010; Piletic et al., 2013), 
although a low pH is needed to enhance these reactions. We also note that the co-variation 
between particle acidity and sulfate is not considered in previous laboratory studies (Gaston 
et al., 2014; Surratt et al., 2007), so the effect of particle acidity could possibly be 




 The mass spectrum of biomass burning organic aerosol (BBOA) is characterized 
by prominent signals at ion C2H4O2+ (m/z 60) and C3H5O2+ (m/z 73). These two ions are 
largely produced by levoglucosan, which is formed from the breakdown of cellulose in 
biomass burning (Schneider et al., 2006). In addition, Heringa et al. (2011) showed that 
SOA produced during the aging of primary biomass burning emissions could contribute to 
these two ions. In this study, BBOA accounts for 9-22% of the OA (Figure 2.6). The BBOA 
factor is mainly resolved in winter datasets, which is consistent with the EPA reported 
Georgia fire season in late winter (January – March) (Hidy et al., 2014) and the large 
enhancement in levoglucosan concentrations in winter compared to summer in Georgia 
(Zhang et al., 2010). BBOA is also identified in JST_May, which may arise from 
residential wood burning near JST site. The contribution of BBOA to total OA is slightly 
smaller than the values reported in other studies. Zhang et al. (2010) estimated that biomass 
burning accounted for 27% of PM2.5 mass in winter over the southeastern US by 
performing PMF analysis on 10 species extracted from filter samples. The differences in 
biomass burning contribution to OA between this study and Zhang et al. (2010) are likely 
due to different estimation methods, sampling years (i.e., 2012-2013 vs. 2007), and sample 
size cut (i.e., PM1 vs. PM2.5).  
It is important to note that the BBOA reported in this study likely only represents 
the relatively fresh OA from biomass burning. For example, laboratory studies revealed 
that the oxidation of levoglucosan is fast in both the gas and aqueous phases (Zhao et al., 
2014; May et al., 2012; Hennigan et al., 2011). The fast oxidation of levoglucosan can 
result in the rapid decay of signals at C2H4O2+ (m/z 60) and C3H5O2+ (m/z 73), causing the 
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mass spectrum of BBOA to lose its characteristic signature. In addition, laboratory studies 
by Hennigan et al. (2011) and Grieshop et al. (2009a) showed that the mass spectrum of 
OA from biomass burning becomes increasingly similar to that of MO-OOA after 
photochemical aging. Ambient measurements in the eastern Mediterranean by Bougiatioti 
et al. (2014) showed evidence that BBOA could be rapidly converted to OOA in less than 
a day. Thus, aged OA from biomass burning could be apportioned to the MO-OOA factor. 
 Recent studies have revealed that OA from biomass burning is an important source 
for brown carbon (Washenfelder et al., 2015; Andreae and Gelencsér, 2006; Zhang et al., 
2010; Lack et al., 2013), which has important impacts on climate (Feng et al., 2013; Liu et 
al., 2014). For four (out of five) datasets where BBOA is resolved by PMF analysis in this 
study, the Pearson’s correlation coefficient (R) between BBOA and brown carbon is greater 
than 0.69, with the best correlation observed at JST_Nov (R=0.90) (Figure 2.7). The 
correlation coefficient between BBOA and brown carbon is only 0.47 for YRK_Dec, which 
is likely caused by other brown carbon sources at the YRK site. This hypothesis is 
supported by summer measurements at YRK. In YRK_July, we observed a large 
abundance of brown carbon, which reached a daily maximum at around 2pm (Fig. S8); 
however, a BBOA factor is not resolved for YRK_July, indicating that brown carbon, in 
this case, could arise from sources other than biomass burning. Hecobian et al. (2010) 
suggested that SOA from aqueous phase reactions may be an important source for brown 
carbon in summer based on analysis of ~900 filters collected in 2007 in the southeastern 
US. A recent laboratory study showed that SOA from IEPOX reactive uptake could be 
light-absorbing and potentially an important source for brown carbon (Lin et al., 2014). 
However, Isoprene-OA factor, which is related to the IEPOX uptake pathway studied in 
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Lin et al. (2014), only shows weak correlation (R ranges from 0.22 to 0.50) with brown 
carbon, as shown in Fig. S9. As suggested by Washenfelder et al. (2015), the difference 
between ambient observation and laboratory studies is possibly caused by the fact that the 
IEPOX-derived absorbing chromophores do not dominate the Isoprene-OA mass. 
However, further studies are warranted to resolve this difference. 
2.4.1.5 MO-OOA 
 Two oxygenated OA factors (MO-OOA and LO-OOA) with high, but differing O:C 
ratios, were identified in both rural and urban sites throughout the year. MO-OOA 
contributes 24-49% of total OA mass (Figure 2.6). This factor has the highest O:C ratio, 
indicating that it is highly oxidized. It has been shown that as OA ages in the atmosphere, 
the mass spectra of OA from different sources become increasingly similar to each other 
and resemble that of MO-OOA (Jimenez et al., 2009; Ng et al., 2010). Thus, MO-OOA 
likely represents a highly aged organic aerosol from multiple sources, which causes the 
identification of specific sources of MO-OOA to be challenging. In addition to a high 
degree of oxidation, other notable features of MO-OOA are its diurnal profile and 
ubiquitous presence. As shown in Figure 2.5, in most datasets except RS_Jan, the diurnal 
profile of MO-OOA reaches a daily maximum in the afternoon. The daytime increase in 
MO-OOA would become more prominent after considering the dilution caused by 
boundary layer height expansion during the day. The similar diurnal profile has also been 
observed in a number of studies (Aiken et al., 2009; DeWitt et al., 2014; Hildebrandt et al., 
2010; Huang et al., 2010; Setyan et al., 2012). Moreover, not only in this study in which 
MO-OOA is identified in different sites and seasons, MO-OOA (or the OOA factor in 
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general) was also identified in datasets obtained at multiple sites around the world, pointing 
to the ubiquitous nature of this OA subtype (Jimenez et al., 2009; Ng et al., 2010).  
Possible sources of this factor have been proposed in the literature. Firstly, a 
number of studies proposed that the source for MO-OOA is long-range transport (Li et al., 
2015; Hayes et al., 2013; Robinson et al., 2011b; Raatikainen et al., 2010). This proposed 
mechanism could explain the high degree of oxidation of MO-OOA because the aerosol 
gets progressively more oxidized during advection, but it is unlikely to explain the well-
defined diurnal profile of MO-OOA (peaks in the afternoon). Secondly, humic-like 
substances (HULIS) are proposed to be synonymous with MO-OOA because the mass 
spectrum and the degree of oxidation of HULIS resembles those of MO-OOA (Ng et al., 
2010; El Haddad et al., 2013). A recent study by Paglione et al. (2014) performed factor 
analysis on NMR measurements of water-soluble organic carbon extracted from filters 
collected in the Netherlands and resolved a factor with mass spectral features that are 
similar to HULIS. Further, the authors showed that this HUILS factor correlates with the 
most-oxidized OOA factor (O:C = 0.98) resolved from PMF analysis of their HR-ToF-
AMS measurements, providing a linkage between HULIS and MO-OOA. Thirdly, the 
oxidation of vehicle emission or fuel combustion in general might also contribute to MO-
OOA mass, but such contribution is uncertain. On one hand, multiple studies have shown 
that the photooxidation of gas-phase species from direct vehicle emissions or POA 
evaporation could rapidly produce secondary OA, which resembles the mass spectrum of 
oxygenated OA factors and could be 1-2 orders of magnitude higher than the primary OA 
emissions (Nordin et al., 2013; Presto et al., 2014; Jathar et al., 2014; Platt et al., 2013). In 
addition, a previous study by Liu et al. (2011) showed that the carboxylic acids measured 
22 
 
by FTIR are exclusively associated with fossil fuel combustion and correlate with the PMF 
resolved OOA factor from HR-ToF-AMS measurements in coastal California. On the other 
hand, Zotter et al. (2014) showed that >69% of MO-OOA originated from non-fossil 
sources in LA basin based on a combination of radiocarbon analysis and AMS PMF 
analysis. By using the same method, DeWitt et al. (2014) showed that the majority of 
carbon in OOA is non-fossil even in an environment heavily influenced by traffic 
emissions, suggesting the source of MO-OOA is not vehicle emissions. Lastly, aged 
biomass burning is also a possible source for MO-OOA as discussed above in section 4.1.4. 
One interesting observation in this study is that MO-OOA is well-correlated with ozone in 
summer (R = 0.73 for JST_May and YRK_July), but not in winter (R = -0.059 and -0.27 
for JST_Nov and YRK_Dec, respectively) (Figure 2.8), implying that the sources of MO-
OOA may vary with seasons. Considering the large biogenic VOC emissions in summer, 
the summer MO-OOA may be related to the oxidation of biogenic VOCs. Recently, Ehn 
et al. (2014) for the first time observed that monoterpene oxidation could produce large 
quantities of compounds with extremely low vapor pressure. As these compounds have 
very high O:C (~0.7), it is possible that they serve as an important source for MO-OOA. 
The identification of the sources of winter MO-OOA could be aided by the radiocarbon 
analysis. For example, if the majority of MO-OOA in winter has non-fossil sources, it could 
suggest that aged OA from biomass burning is an important source for MO-OOA, because 






 Similar to MO-OOA, less-oxidized oxygenated organic aerosol (LO-OOA) is also 
observed in both rural and urban sites throughout the year. LO-OOA comprises 19-34% of 
total OA (Figure 2.6). A key feature of LO-OOA is that it consistently exhibits a daily 
maximum at early morning and at night, in all datasets (Figure 2.5). The similar diurnal 
variation of LO-OOA has also been observed in previous field measurements and thought 
to be primarily driven by the semi-volatile nature of LO-OOA. The LO-OOA factor 
identified in multiple prior field measurements has been observed to correlate with 
ammonium nitrate, a semi-volatile species which mainly partitions into the particle phase 
at night when the temperature is relatively low (Jimenez et al., 2009; Sun et al., 2012a; 
Zhang et al., 2011; Ulbrich et al., 2009). However, in this study, LO-OOA only shows 
moderate correlation with total NO3 (i.e., NO3,meas) measured by the HR-ToF-AMS in 
summer datasets (R ranges between 0.56 and 0.76) and is not correlated in winter datasets 
(R ranges between 0.14 and 0.46) (Figure 2.9 and Table 2.2).  
While LO-OOA is only moderately, or sometimes poorly correlated, with NO3,meas 
in this study, we find improved correlation between LO-OOA and “nitrate functionality 
from organic nitrates” (i.e., NO3,org) (Figure 2.9 and Table 2.2). NO3,org is estimated by 
using the NOx+ ratio method, as described in section 2.5. An RON value of 10 is applied in 
this case since different RON values would only affect the estimated concentration of 
NO3,org, but not the correlation between LO-OOA and NO3,org. For most datasets, LO-OOA 
correlates better with NO3,org than total nitrates. The biggest improvement is seen in 
JST_Nov, where the correlation coefficient increases from 0.14 to 0.63. However, we also 
note that the correlation becomes worse for YRK_Dec and RS_Jan, which is likely caused 
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by the small contribution of organic nitrates to total nitrates, resulting in a larger uncertainty 
in the NOx+ ratio method (Bruns et al., 2010). In addition, the correlations between LO-
OOA and NO3,org for YRK_Dec and RS_Jan are weakened by the negative NO3,org 
concentration estimated from the NOx+ ratio method (Figure 2.9). The negative values are 
a result of smaller Rmeas than RAN, at times (see Eq. 2.1), which is likely caused by 
variations in instrument performance (Farmer et al., 2010; Rollins et al., 2010).  
2.4.2 Nitrates source apportionment 
2.4.2.1 Estimation of organic nitrates 
 The NOx+ ratio method and PMF method are applied to estimate the concentration 
of “nitrate functionality from organic nitrates” (i.e., NO3,org) at different sites. The 
concentration of NO3,org and the mass fraction of NO3,org in total measured NO3 (i.e., 
NO3,meas) estimated from both methods are shown in Figure 2.10. Both the NOx+ ratio 
method and the PMF method show a similar seasonality in the contribution of NO3,org to 
NO3,meas (denoted as NO3,org/NO3,meas), which is higher in summer than winter. However, 
we observe noticeable differences between the two methods. In the following, we first 
discuss the uncertainties associated with NOx+ ratio method and PMF method. Then, we 
discuss how the uncertainties affect the comparison between the two methods, and provide 
a “best estimate” range of NO3,org based on the two methods. Lastly, we use the “best 
estimate” range of NO3,org to calculate the contribution of organic nitrates to OA by 
assuming the molecular weight (MW) of organic nitrates.  
For the PMF method, the uncertainty is mainly associated with the identification of 
a nitrate inorganic aerosol (NIA) factor. The NIA factor is resolved in most datasets, except 
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CTR_June and YRK_July. The mass spectrum of the NIA factor is similar to the 
corresponding factor in Sun et al. (2012b) (Fig. S4). Specifically, it is dominated by NO+ 
and contains some organic signals such as CO2+ and C2H3O+, indicating the NIA factor has 
a potential interference from organics. The mass fraction of organic signals in the NIA 
factor varies across sites, with a higher value in warmer months (~70% in JST_May and 
GT_Aug) than colder months (16%-38% in JST_Nov, YRK_Dec, and RS_Jan) (Fig. S11). 
The fact that the NO+/NO2+ ratio of the NIA factor resolved from warmer months is higher 
than that of pure ammonium nitrate (Fig. S12) is also indicative of organic nitrate 
interference in the NIA factor. Conversely, the NO+/NO2+ ratio of the NIA factor resolved 
from colder months is closer to that of pure ammonium nitrate, suggesting less interference 
from organics. Thus, for the sites where a NIA factor is identified, the presence of organic 
nitrates in the NIA factor would result in an underestimation of NO3,org, and the 
underestimation is larger for warmer months (i.e., JST_May and GT_Aug). For CTR_June 
and YRK_July, the NIA factor is not resolved from PMForg+NO3 analysis, likely due to a 
small concentration of inorganic nitrates. For example, the concentrations of organics and 
total nitrates (i.e., NO3,meas) are 5.0 and 0.1 µg m-3, respectively, for CTR_June. Even if 
one assumes that all the measured nitrates arise from inorganic nitrates, the 
nitrates/organics ratios is only 2%, making it difficult for PMF to retrieve the NIA factor 
accurately (Ulbrich et al., 2009). Thus, for CTR_June and YRK_July, the small amount of 
NO3,inorg, which is not retrievable by PMF, was attributed to OA factors so that the PMF 
method would slightly overestimate NO3,org.  
For the NOx+ ratio method, considering the large variation in NOx+ ratio for 
different organic nitrates, the largest uncertainty is associated with the value of RON. 
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Ideally, the time-dependent RON values should be applied. However, this is challenging 
because the determination of time-dependent RON requires measurements of every ambient 
organic nitrate species, which are not available. Knowing this, we apply RON values of 5 
and 10 in our analysis to provide the upper and lower bounds of the estimated NO3,org 
concentration for the NOx+ ratio method as discussed in section 2.5. It is noted that for 
Centreville, we applied a third method to calculate the concentration of NO3,org, which is 
based on the differences between HR-ToF-AMS measurements (NO3 from both organic 
and inorganic species) and PILS-IC measurements (NO3 from inorganic species only) (Xu 
et al., 2015a; Bae et al., 2007; Orsini et al., 2003). This method, denoted as AMS-IC 
method, is only applied for Centreville because the PILS-IC was not deployed in the 
SCAPE study. In order to match the HR-ToF-AMS particle cut size (i.e., PM1), a PM1 
cyclone was deployed at the inlet of PILS-IC. However, due to the transmission efficiency 
of PM1 cyclone, PILS-IC measurements might include contributions from particles larger 
than 1µm (i.e., inorganic NO3 in mineral dust). Interferences from water-soluble refractory 
particles (e.g., calcium or sodium nitrate) are likely small given the concentration of 
sodium measured by the PILS-IC with a PM1 cyclone, for example, was negligible and 
mostly below its detection limit (0.07 μg m-3) (Fig. S13). As shown in Figure 2.11, The 
NO3,org estimated by the AMS-IC method falls within the range of NOx+ ratio method, 
which is defined by RON values of 5 and 10, indicating the feasibility of using these two 
values as the upper and lower bounds to estimate NO3,org for the NOx+ ratio method. 
Based on the uncertainties of the PMF method and the NOx+ ratio method, we could 
explain the differences between the two methods and further combine them in order to 
narrow the estimation range. According to the extent of agreement between the two 
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methods, all seven datasets are grouped into three categories: summer months (CTR_June 
and YRK_July), transition months (JST_May and GT_Aug), and winter months 
(JST_Nov, YRK_Dec, and RS_Jan).  
For winter months, the PMF method shows good agreement with the NOx+ ratio 
method with a RON value of 10 for JST_Nov and YRK_Dec. This is consistent with the 
observations that the interference of organic nitrates in the NIA factor is small in winter 
datasets (Figs. S11 and S12) and isoprene emission is negligible in winter (Guenther et al., 
2006). Thus, results from the NOx+ ratio method with RON = 5 (i.e., isoprene organic 
nitrates) are likely unrealistic. With this in mind, we combine the results from the PMF 
method and the NOx+ ratio method with RON = 10 as the “best estimate” range of organic 
nitrates for JST_Nov and YRK_Dec. For RS_Jan, the NOx+ ratio method predicts negative 
NO3,org due to Rmeas being smaller than RAN at times (Eq. 2.1). In this case, the PMF method 
is selected as the “best estimate”. Taken together, the mass fraction of organic nitrates (i.e., 
NO3,org/NO3,meas) is 0.19-0.21, 0.11-0.21, and ~0.10 for JST_Nov, YRK_Dec, and RS_Jan, 
respectively. 
For summer months, the PMF method predicts that all the measured nitrates are 
from organic nitrates (i.e., NO3,org/NO3,meas = 1, Figure 2.10), because a NIA factor is not 
resolved from PMF analysis and all the measured NO3 are distributed in the OA factors. 
The NO3,org estimated from the PMF method falls within the upper (i.e., RON = 5) and lower 
bound (i.e., RON = 10) of the NOx+ ratio method (Figure 2.10). For CTR_June, the NOx+ 
ratio method with RON value of 5 predicts a NO3,org/NO3,meas ratio that is greater than 1, 
which results from the assumed RON value (i.e., 5) being smaller than Rmeas, at times (Eq. 
2.1). Thus, the PMF method and the NOx+ ratio method with RON = 10 define the upper 
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and lower bound, respectively. Accordingly, the “best estimate” range of NO3,org/NO3,meas 
is 0.80-1 and 0.63-1 for CTR_June and YRK_July, respectively.   
 For transition months (i.e., JST_May and GT_Aug), the PMF method and the NOx+ 
ratio method show large discrepancies. Compared to the PMF method, the NOx+ ratio 
method predicts 1.5–2.5 times higher NO3,org concentration depending on the site and RON 
value. This is likely caused by the PMF method under-predicting NO3,org, owing to the 
attribution of some organic nitrates to the NIA factor. Thus, we select the NOx+ ratio 
method with RON values of 5 and 10 as the “best estimate” range. Accordingly, 
NO3,org/NO3,meas ranges 0.55-0.76 and 0.64-0.99 for JST_May and GT_Aug, respectively. 
 We also calculate the contribution of organic nitrate molecules to OA from the 
“best-estimate” range of nitrate functionality (i.e., NO3,org). We assume that particle-phase 
organic nitrates have an average molecule weight of 200 and 300 g mol-1 (Rollins et al., 
2012), which provides an lower and upper bound for estimating concentrations of organic 
nitrates. As shown in Figure 2.10, organic nitrates contribute about 5-12% to total OA for 
summer datasets (CTR_June and YRK_July) and 9-25% to total OA for winter datasets 
(JST_Nov, YRK_Dec, and RS_Jan), suggesting that organic nitrates are important 
components of total OA in the southeastern US. 
 Figure 2.12 shows the diurnal variation of NO3,org based on the NOx+ ratio method 
with an RON value of 10. For most of the datasets, NO3,org starts increasing after sunset, 
which is mainly caused by the oxidation of VOCs by nitrate radical at night. The daily 
maximum of NO3,org appears in mid-morning (i.e., ~8am), which is likely because 
photooxidation of VOCs in the presence of NO (i.e., RO2+NO pathway) also contributes 
to organic nitrate when the NO concentration is highest. 
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2.4.2.2 Nitrate seasonal variation 
As shown in table 2.1 and Figure 2.2, the total nitrate concentration is higher in 
winter (0.8-1.4 µg m-3, 10-16% of total NR-PM1) than in summer (0.3-0.4 µg m-3, 2-3% of 
total NR-PM1). Based on the NOx+ ratio method, NO3,inorg is greatly enhanced in winter 
relative to summer. For example, the concentration of NO3,inorg increases from 0.22 µg m-
3 (average of upper and lower bound of the NOx+ ratio method) in May to 1.6 µg m-3 in 
November for the JST site. Similarly, NO3,inorg shows a 10-fold increase for YRK_Dec 
compared to YRK_July. 
The seasonal variation of inorganic nitrates could possibly be caused by its semi-
volatile nature and varying NOx emissions. Based on volatility measurements by a thermal 
denuder, Huffman et al. (2009a) showed that ammonium nitrate is very volatile and its 
gas/particle partitioning is largely affected by temperature. The average temperature in 
summer is about 15 °C higher than that in winter (Table 2.1). According to laboratory 
measurements of ammonium nitrate volatility, a 15°C increase in temperature would lead 
to the evaporation of 60% of nitrate mass (Huffman et al., 2009a). In addition to volatility, 
the winter enhancement of inorganic nitrates is related to higher NOx levels, which is the 
major source for inorganic nitrates and largely elevated in winter in the southeastern US 
(Blanchard et al., 2013). For example, as shown in Table 2.1, the NOx concentration in 
JST_Nov (50.5 ppb) is 3.5 times higher than that in JST_May (14.4 ppb). Thus, the lower 
temperature and higher NOx levels in winter than summer likely compensate for the weaker 
photooxidation and result in the increase in inorganic nitrates. Interestingly, we observe a 
rush hour peak (around 9am) in the diurnal trend of total nitrates at urban sites in winter 
(JST_Nov and RS_Jan). This rush hour peak is primarily from inorganic nitrates supported 
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by the following evidence: 1) the Rmeas is close to RAN during the rush hour period (Fig. 
S15); 2) the rush hour peak only exists in the diurnal profile of NO3,inorg (Figure 2.12); and 
3) the coincident peak in the diurnal trend of NH4 (Figure 2.3). Early morning peaks in 
inorganic nitrates were also consistently seen by a variety of online instruments as part of 
the Atlanta Supersite Experiment at the JST site (Weber et al., 2003). In Mexico City, 
Hennigan et al. (2008) attributed the fast production of inorganic nitrates mainly to 
secondary formation from photooxidation of NOx and subsequent partitioning of HNO3. 
The rush hour peak of inorganic nitrates disappears rapidly, which is likely caused by 
evaporation and dilution as the planetary boundary layer height increases (Hennigan et al., 
2008). 	
The concentration of NO3,org is slightly higher in summer, but its seasonal variation 
is not as strong as NO3,inorg (Table 2.2 and Figure 2.10). This is likely due to the 
compensating effects of source strength and gas/particle partitioning. The organic nitrates 
mainly originate from VOC oxidation by the nitrate radical and/or photooxidation in the 
presence of NOx. The VOC concentrations are higher in summer due to stronger biogenic 
emissions, which would provide sources for organic nitrates. However, the temperature is 
higher in summer than winter, which would hinder the partitioning of organic nitrates into 
the particle phase.  
2.4.3 Aerosol Spatial Variability 
 The spatial variability of organics, sulfate, ammonium, and total nitrate in the 
greater Atlanta area is investigated by comparing ACSM measurements (stationary at the 
Georgia Tech site) with HR-ToF-AMS measurements (rotating among different sites). 
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Figure 2.13 shows the correlation coefficients for NR-PM1 species between ACSM 
measurements (stationary at the Georgia Tech site) and HR-ToF-AMS measurements 
(rotating among different sites). Detailed comparisons, in terms of time series and scatter 
plots, are shown in Fig. S14. The ACSM and HR-ToF-AMS are compared side-by-side at 
the Georgia Tech (GT) site from 20 July to 4 September, 2012 and the time series of the 
species measured by the two instruments are well correlated (R=0.95, 0.93, 0.82, 0.85 for 
organics, sulfate, ammonium, and total nitrate, respectively) and agree within instrument 
uncertainty (i.e., 20-35%) (Bahreini et al., 2009).  
As expected, the correlation gets weaker as the distance between the GT site and 
other sampling sites increases. Surprisingly, the organic correlation coefficient in July is 
0.92 between GT and YRK sites, which have considerable spatial separation (i.e., 70 km), 
indicating that the organics are uniformly distributed in the greater Atlanta area in summer 
time. In contrast, the organic correlation coefficient between GT and YRK decreases to 
0.66 in winter. Unlike organics, the correlation in SO4 between GT and YRK is similarly 
good in both summer and winter (R=0.7 and 0.85 for summer and winter, respectively). 
Our observation is generally consistent with the previous study by Zhang et al. (2012), who 
showed that WSOC, and to a less extent SO4, are spatially homogeneous in the southeastern 
US based on results from daily-average filter measurements (one filter in every six days) 
in 2007. The authors attributed the uniform distribution of WSOC and SO4 largely to 
stagnant air masses in southeastern US during summer time and both long-lived secondary 
WSOC and SO4 eventually spread across the region, although somewhat higher WSOC 
spatial correlations compared to sulfate were thought to be due to widely distributed SOA 
precursor emissions compared to point sources for SO2.  Hidy et al. (2014) also showed 
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that secondary species, like SO4, have weaker rural and urban contrast in the southeastern 
US, though only yearly average data were considered in that study. 
Although meteorology plays an important role in the spatial variability of aerosol, 
it alone cannot explain the seasonality of the OA spatial variability. For example, 
meteorology should have the same effect on the regional variability of SO4 and OA. 
However, while SO4 is uniformly distributed in both summer and winter, OA is more 
uniform in summer than winter, suggesting other factors also influence the spatial 
variability of OA. The seasonality of OA spatial variability (i.e., more spatially 
homogeneous in summer compared to winter) is probably affected by the seasonal 
variation of OA sources in addition to meteorology. As shown in Figure 2.6, SOA is the 
dominant source for total OA (69-100% of OA) in summer for both rural and urban sites. 
This likely arises from the fact that biogenic VOCs, which are important precursors for 
SOA, are abundant and widely distributed in the southeastern US during summer time 
(Guenther et al., 2006). Thus, SOA is regional and the dominant component of OA, leading 
to the uniform distribution of OA. In contrast, POA concentration varies greatly between 
urban and rural sites.  In winter, while the SOA still dominates total OA at rural sites, the 
POA is comparable with SOA at urban sites (Figure 2.6). This is because that the 
concentration of regional SOA decreases due to weaker photochemical activity and lower 
biogenic VOCs emissions in winter, but the concentration of POA (HOA+BBOA+COA) 
is relatively constant, or even increases. This is likely due to elevated emission from 
biomass burning and reduced evaporation and dispersion, which are associated with lower 
temperatures in winter (Figure 2.6). Thus, the facts that POA is not uniformly distributed 
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and that the concentration of POA is comparable to SOA possibly lead to the spatial non-
uniformity of OA in winter.  
2.4.4 Interpretation of long-term measurements 
 In this section, we compare our observations from short-term detailed aerosol 
chemical measurements with those from long-term and more basic measurements to test 
the validity of our conclusions. Further, based on our extensive measurements, we attempt 
to provide insights into interpreting long-term observations.  
2.4.4.1 OA Diurnal Variation 
By investigating the diurnal pattern of organic carbon (OC) from 1 June – 15 July 
of each year (from 2000 to 2013) in Centreville, rural Alabama, Hidy et al. (2014) observed 
that OC shows consistently weak diurnal variability. Similarly, Zhang et al. (2012) 
observed that water-soluble organic carbon (WSOC), which is a surrogate for SOA (in 
summer), only shows a moderate increase in the daytime in Jefferson Street and Yorkville, 
GA, during 2008 summer. In this study, we find that OA shows little diurnal variability in 
summer datasets (Figure 2.3), which is consistent with long-term observations and 
previous studies. 
The lack of a prominent daytime increase in the OA in summer could appear to 
discount the role of photochemistry-driven secondary OA formation. However, a number 
of factors need to be considered, such as the changes in planetary boundary layer height, 
contribution of various sources to OA, and temperature-dependent gas/particle 
partitioning. Firstly, the rapid expansion of the boundary layer during the day may dilute 
the OA concentration. In Centreville, the boundary layer height (BLH) was measured by a 
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ceilometer. The diurnal variation of BLH is shown in Figure 2.14. The BLH typically peaks 
(i.e., 1300m) at 17:00 and exhibits a daily minimum (i.e., 375m) at 07:00. In order to 
remove the effect of BLH-driven dilution on the diurnal variation of OA, we multiply the 
OA diurnal profile by BLH. The interpretation of the product of the concentration of OA 
(i.e., µg m-3) times BLH (i.e., m) is the integrated column concentration of OA (i.e., µg m-
2) from ground to the top of boundary layer over a unit surface area, assuming the OA is 
well-mixed in the boundary layer. The value of OA*BLH would be conserved if there is 
no gain or loss of OA in the column regardless of the change of BLH. Thus, this value 
could indicate the net gain or loss of OA in the column without the effect of BLH-driven 
dilution. As shown in Figure 2.3d, the OA*BLH increases rapidly starting at ~7:00 and 
reaches a daily maximum at ~17:00. The evident peak in the diurnal variation of OA*BLH 
suggests a substantial OA production in the day, and that the relatively flat OA diurnal 
variation (i.e., µg m-3) is largely caused by the BLH-driven dilution. For the cases where 
boundary layer height data are not available, normalizing OA by CO is often utilized in the 
literature to minimize the effect of dilution, considering CO as an inert species. By using 
this method, Blanchard et al. (2011) and Zhang et al. (2012) showed that OC/CO and 
WSOC/CO exhibit pronounced daytime increase, suggesting that the expansion of 
boundary layer would weaken the OA diurnal variation. The fact that both OC/CO and 
WSOC/CO peaks in the day implies that photochemistry-driven SOA production is an 
important source of OA.  
Secondly, the time-dependent contributions of various sources to total OA could 
also affect its diurnal profile. As shown in Figure 2.5, the various OA sources resolved by 
PMF analysis have distinctly different diurnal trends, indicating that their contributions to 
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total OA vary throughout the day. Primary sources, such as HOA and COA, peak during 
rush hours and meal-time, respectively. The contributions of Isoprene-OA and MO-OOA 
to total OA are largest in the afternoon and decrease after sunset. In contrast, another SOA 
source, LO-OOA, peaks in the early morning and at night, as the formation of LO-OOA is 
proposed to mainly correspond to nocturnal nitrate radical oxidation of biogenic VOCs in 
summer (Xu et al., 2015a). Therefore, different diurnal trends of various OA sources 
compensate each other, which possibly results in the weak diurnal variation of total OA.  
Specifically, LO-OOA, which exhibits a daily maximum at night, compensates for 
the decrease of other OA sources after sunset and results in the relatively flat total OA 
diurnal profile. This has important implication in interpreting non-speciated OC 
measurements. For example, Hennigan et al. (2009) observed a substantial nocturnal 
increase of gas-phase WSOC, but not an accompanied increase in particle-phase WSOC in 
Atlanta during summer. The authors hypothesized that the differences between gas-phase 
and particle-phase WSOC are caused by the oxidation of α-pinene and isoprene by NO3• 
radical producing substantial amount of gas-phase WSOC but little particle-phase WSOC. 
Though it is plausible that α-pinene+NO3• and isoprene+NO3• reactions produce more 
volatile products than low-volatility products, our study shows that there is indeed 
substantial nocturnal SOA production (i.e., LO-OOA), which likely corresponds to the 
nocturnal increase in gas-phase WSOC in Hennigan et al. (2009), but not clearly 
discernible in particle-phase WSOC due to the compensation by the decreasing 
concentrations of other OA sources at night.  
In addition, temperature-dependent gas/particle partitioning also plays a role in OA 
diurnal variation. As the temperature is higher during day, the gas/particle partitioning 
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would favor the gas-phase and hence lower the particle-phase concentration. Taken 
together, the weak diurnal variation of OA in summer is likely caused by changes in 
boundary layer height and the varying contribution of various OA sources throughout the 
day, which does not contradict the importance of photochemistry-driven SOA production. 
Especially, LO-OOA, which is likely related to NO3• chemistry, peaks at night and 
compensates the nocturnal decrease of other SOA sources. In fact, the importance of 
photochemistry can be gained by comparing OA diurnal profile of summer and winter. As 
the photochemistry is relatively weaker in winter, daytime SOA production is suppressed, 
which results in OA reaching a daily minimum during daytime in winter datasets (Figure 
2.3).  
2.4.4.2 Urban and rural contrast of OA seasonality 
In this study, we observed that the seasonality of OA behaves differently between 
urban and rural sites. For example, while the OA concentration is relatively constant 
between summer and winter for the urban JST site (9.1 µg m-3 in May vs 7.9 µg m-3 in 
November), the OA concentration is ~4 times higher in summer than winter for the rural 
YRK site (11.2 µg m-3 in July vs 3.2 µg m-3 in December). Our observations are consistent 
with the long-term measurements from the SEARCH network. Figure 2.15 shows the 
seasonal average OC concentration measured in JST and YRK from 1999 to 2013. Despite 
the decreasing trend of OC in the past 14 years, which has been noted and discussed 
extensively in Hidy et al. (2014), we note that the OC concentration is similar between 
summer and winter at the JST site, but OC is elevated in summer compared to winter for 
the YRK site. The urban and rural contrast of OA seasonality is likely caused by the fact 
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that OA sources are different at urban and rural sites. As shown by PMF analysis on our 
short-term measurements, the total OA at the rural YRK site is dominant by SOA in both 
summer and winter (SOA/OA = 100% and 78% for summer and winter, respectively, 
Figure 2.6), but the concentration of SOA is lower in winter when the SOA formation is 
depressed due to low biogenic VOCs emissions and weak photochemical activity. For the 
urban JST site, in contrast, POA accounts for a large fraction of total OA (30-48%, 
depending on the month). Though the SOA formation is also depressed in winter at urban 
sites, the decrease in SOA concentration is compensated by the increase in POA 
concentration from vehicles and cooking (Figure 2.6). Thus, the OA at JST is relatively 
constant between summer and winter. The changing composition of the OA also implies 
differing aerosol toxicity and health impacts, not discernible from measurements of total 
OA (or OC) (Verma et al., 2015). The fairly flat seasonal trend in OA or OC at urban sites 
has not been captured by current models. All 31 models reviewed in a recent study by 
Tsigaridis et al. (2014) predicted higher OC concentration in summer than winter for urban 
monitoring sites in Georgia. One possible reason is that the anthropogenic emission 
inventories applied in current models do not take seasonal variation into account, resulting 
in an under-prediction of the pollution levels in urban area. 
2.4.4.3 Correlation between OC and sulfate 
 Based on the OC and sulfate measurements (2005 – 2010) from three SEARCH 
network sites (Centreville, Jefferson Street, and Yorkville), we find that regardless of the 
sampling sites, the correlation between OC and sulfate has a distinct seasonal variation, 
with the best correlation in summer (R ranging 0.47-0.69) and worst in winter (R ranging 
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0.01-0.33) (Figure 2.16). Since sulfate is mostly secondary in the southeastern US, one 
possible explanation for the seasonality of the correlation between OC and sulfate is that 
the majority of OC is secondary in summer, but not in winter, which is supported by the 
OA source apportionment in this study. It is also likely that sulfate is directly involved in 
the OA production in summer. Specifically, Xu et al. (2015a) found that sulfate directly 
and largely mediates the formation of isoprene OA (18-36% of total OA in summer) in the 
southeastern US, instead of particle water content and/or particle acidity, as previous 
studies have suggested. 
2.5 Conclusion 
 Nearly one-year of measurements were performed across multiple sites in the 
southeastern US with a variety of online instruments, with the focus on HR-ToF-AMS data 
in this study. We find that organics are the dominant components of the NR-PM1 at both 
rural and urban sites throughout the year. The OA diurnal profile shows little variation in 
summer and peaks at night in winter datasets. The lack of midday enhancement in OA 
diurnal profile is likely caused by the expansion of boundary layer in the day and 
compensating effects of various OA factors. The OA measured at different sampling sites 
and seasons has a similar degree of oxidation. Sulfate contributes the second highest to 
NR-PM1. Sulfate concentration is higher in summer (3.0 to 4.0 µg m-3) than winter (1.4 to 
1.7 µg m-3), probably due to stronger photochemistry in summer. In contrast to sulfate, the 
inorganic nitrate concentration is estimated to be three times higher in winter than summer. 
This is likely caused by higher NOx levels in winter, which serves as the source for 
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inorganic nitrates and the semi-volatile nature of inorganic nitrates, which tend to partitions 
into the particle phase when the temperature is low.  
 Positive Matrix Factorization (PMF) analysis revealed that the organic aerosol has 
various sources in the southeastern US, which changes between seasons and sampling sites 
(rural vs urban). Hydrocarbon-like organic aerosol (HOA) and cooking organic aerosol 
(COA), which arise from primary vehicle emissions and cooking, respectively, are 
important but not dominant OA sources for urban sites. Biomass burning OA (BBOA) 
concentrations shows clear enhancements in winter compared to summer. In addition, 
biomass burning is found to be an important, but not exclusive, source for brown carbon in 
the southeastern US. Isoprene-derived OA (Isoprene-OA), which is from the reactive 
uptake of isoprene epoxides in the presence of hydrated sulfate, only exists in warmer 
months (May-August) when isoprene emissions are substantial. In addition to rural sites, 
Isoprene-OA is resolved from urban sites where the majority of peroxy radicals are 
believed to react with NOx. We note that fC5H6O+, which has been used as a marker for 
Isoprene-OA, ranges from 0.9-2.3% and is higher in the Isoprene-OA factor from rural 
sites than urban sites. One possible source of Isoprene-OA in urban sites is transport. 
However, transport would not likely result in the reproducible diurnal profile of Isoprene-
OA, which peaks in early afternoon. Instead, Isoprene-OA in urban sites more likely comes 
from local production, as a recent study showed that IEPOX could be produced in the 
presence of NOx (Jacobs et al., 2014). Less-oxidized oxygenated OA (LO-OOA) and more-
oxidized oxygenated OA (MO-OOA) are resolved from both rural and urban sites 
throughout the year. LO-OOA shows improved correlation with estimated “nitrate 
functionality from organic nitrates” (i.e., NO3,org) than total nitrates. In addition, both LO-
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OOA and estimated NO3,org peaks at night (Figures 2.5 and 2.12), implying that LO-OOA 
could arise from nighttime oxidation of biogenic VOCs by nitrate radicals. Unlike isoprene, 
monoterpene emissions occur year-around and continue into the night. The prevalence of 
the LO-OOA factor at all sites year-around points to the important contribution of 
monoterpene SOA to the total OA budget in the southeastern US. As the most oxidized 
OA factor, MO-OOA reaches a daily maximum in the afternoon and likely contains aged 
OA from various sources, such as vehicle emission, biomass burning, and aged OA from 
biogenic VOCs. We find that the correlation between MO-OOA and ozone is substantially 
better in summer than winter, suggesting that the sources of MO-OOA might vary with 
season.  
In order to estimate the organic nitrate contribution to OA, we applied and 
evaluated three methods, i.e, NOx+ ratio method, PMF method, and AMS-IC method. 
Despite the uncertainty of the NOx+ ratio method (i.e., the values of RON and RAN) and the 
PMF method (i.e., the separation of pure NIA factor), both methods provide reasonable 
results in separating the measured total nitrates into nitrate functionality from inorganic 
and organic nitrates. The “nitrate functionality from organic nitrates” (i.e., NO3,org) 
accounts for about 63–100% and 10-20% of total measured nitrate (i.e., NO3,meas) in 
summer and winter, respectively. Further, we estimate the contribution of organic nitrates 
to total OA based on estimated NO3,org and assumed molecular weigth of bulk organic 
nitrates. Depending on location, season and estimation method, organic nitrates account 
for about 5-25% of total OA, which indicates that organic nitrates are important 
components in the ambient aerosol. 
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 The spatial distribution of OA is investigated by comparing ACSM measurements 
(stationary at the Georgia Tech site) and HR-ToF-AMS measurements (rotating among 
different sites). In summer, OA is spatially homogeneous as suggested by the good 
correlation (R=0.92) in July between the GT and YRK sites, which are 70km apart. The 
spatial homogeneity of OA in summer is likely caused by SOA being the dominant source 
of OA for both urban and rural sites. The parameters such as temperature, solar radiation, 
and precursor VOCs, which have great influences on SOA formation, are similar between 
urban and rural sites. Compared to summer, the OA is less spatially homogenous in winter. 
The correlation coefficient of OA between GT and YRK decreases to 0.66 in winter. This 
is likely due to the elevated contribution from POA to total OA in winter and the spatially 
inhomogeneous distribution of POA. Meteorology also plays a role in the OA spatial 
distribution, but alone is unlikely to explain the observation.  
 We show that short-term and extensive measurements can help interpret long-term 
basic measurements. For example, consistent with long-term (1999 – 2013) OC 
measurements from the SEARCH network, we also observed that the seasonal variation of 
OA has some urban and rural contrasts. While the OA concentration is similar between 
summer and winter for the urban JST site, it increases by a factor of 4 from winter to 
summer for the rural YRK site, according to our year-long observations. PMF analysis 
suggests that the different OA seasonality between urban and rural sites is likely due to the 
varying strength of OA sources. For rural sites, SOA represents the dominant fraction of 
OA in both summer and winter, but SOA concentration is much lower in winter. For urban 
sites, in contrast, the decrease in SOA concentration in winter is compensated by the 
increase in POA concentration due to less dispersion from lower boundary layer heights, 
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leading to a relatively constant total OA concentration compared to summer. In addition, 
analysis of long-term OC and sulfate measurements from the SEARCH network shows that 
the correlation between OC and sulfate is substantially better in summer than winter, 
consistent with our source apportionment results that show the majority of OA is secondary 
in summer. The better correlation of OC and sulfate in summer also supports that sulfate 
directly mediates the formation of isoprene SOA (Xu et al., 2015), which is only present 





Figure 2.1. Sampling sites for SCAPE and SOAS studies. The gray circled region 






















































Figure 2.2. Mass concentrations (a) and mass fractions (b) of non-refractory PM1 (NR-




























JST_May CTR_June YRK_July GT_Aug JST_Nov YRK_Dec RS_Jan



























JST_May CTR_June YRK_July GT_Aug JST_Nov YRK_Dec RS_Jan














Figure 2.3. Diurnal profiles of non-refractory PM1 (NR-PM1) species measured by HR-
ToF-AMS. Panel (d) shows the diurnal profiles of NR-PM1 species after multiplying by 
the boundary layer height for the Centreville (CTR) site. The solid lines indicate the median 

































































































































































































































































































Figure 2.4. (a) f44 vs. f43 for total OA and OA factors resolved from PMF analysis. (b) The 







































JST_May CTR_June YRK_July GT_Aug JST_Nov YRK_Dec RS_Jan
Sampling Site and Month
 HOA  COA  BBOA
 MO-OOA         LO-OOA 




(a) JST_May (b) YRK_July 
(c) CTR_June w/o BLH adjustment (d) CTR_June with BLH adjustment 
(e) GT_Aug (f) JST_Nov 
(g) YRK_Dec (h) RS_Jan 
Figure 2.5. Diurnal profiles of OA factors resolved from PMF analysis on organic mass 
spectra. Panel (d) shows the diurnal profiles of OA factors after multiplying by the 
boundary layer height for the Centreville (CTR) site. The solid lines indicate the median 
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Figure 2.6. (a) Campaign-averaged mass concentrations of OA factors resolved from PMF 
analysis on organic mass spectra. (b) Campaign-averaged mass fractions of OA factors 
resolved from PMF analysis on organic mass spectra. SOA is the sum of Isoprene-OA, 
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Figure 2.7. Scatter plot (left panel) and the time series (right panel) of BBOA and brown 
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Figure 2.9. Scatter plot of LO-OOA vs. the total measured nitrates (i.e., NO3,meas) and LO-
OOA vs. estimated concentration of “nitrate funcionality from organic nitrates” (i.e., 
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Figure 2.10. (a) Concentrations of total measured NO3 (i.e., NO3,meas), estimated “nitrate 
functionality from organic nitrates” (i.e., NO3,org) by the NOx+ ratio method and the PMF 
method. (b) The contribution of NO3,org to NO3,meas (i.e., NO3,org/NO3,meas) from the NOx+ 
ratio method and the PMF method. Also shown are the estimated contribution of organic 
nitrates to total OA from the “best estimate” range of NO3,org and by assuming a MW of 
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Figure 2.11. Comparion of estimated concentration of “nitrate functionality from organic 
nitrates” (i.e., NO3,org) at the Centreville (CTR) site between the AMS-IC method and NOx+ 
ratio method with RON values of 5 and 10. The intercept and slope are obtained by 
orthogonal fit, which considers measurement errors in both dependent and independent 
variables. The correlation coefficient R is obtained by linear least-squares fit. Intercepts 
are within the detection limit of PILS-IC nitrate (i.e., 0.03 μg m-3). The 1:1 line is offset by 
the detection limit of PILS-IC nitrate (i.e., -0.03 μg m-3) for visual clarity. The uncertainty 
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Figure 2.12. Diurnal variation of NO3,meas, NO3,org, and NO3,inorg for all datasets. NO3,org, 
and NO3,inorg are estimated by the NOx+ ratio method with an RON value of 10. The solid 

































































































































































Figure 2.13. Correlation coefficients for NR-PM1 species between ACSM measurements 
(stationary at the Georgia Tech site) and HR-ToF-AMS measuremens (rotating among 
different sites). Values are plotted vs. the relevant distance of the measurement site from 
the GT site, where the dotted lines represent the sampling sites where the HR-ToF-AMS 
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Figure 2.14. Diurnal variation of boundary layer height for CTR_June. The solid line 







































Figure 2.15. Mean seasonal concentrations of organic carbon at the Jefferson Street (JST) 





































Figure 2.16. The seasonality of the correlation between organic carbon and sulfate at the 
Jefferson Street (JST), Yorkville (YRK), and Centreville (CTR) sites. Seasons are by 
grouped by calendar months (Spring: March–May, Summer: June–August, Fall: 

































































































































































































CHAPTER 3: EFFECTS OF NOX ON THE VOLATILITY OF 
SECONDARY ORGANIC AEROSOL FORMATION FROM 
ISOPRENE PHOTOOXIDATION  
3.1 Background 
 Isoprene is the most abundant non-methane hydrocarbon (NMHC) emitted into the 
atmosphere with a global emission of ~500 Tg/year (Guenther et al., 2006). Isoprene 
oxidation by OH radicals plays a critical role in tropospheric ozone (O3) chemistry and 
secondary organic aerosol (SOA) formation (Chameides et al., 1988; Claeys et al., 2004b; 
Carlton et al., 2009; Hallquist et al., 2009). Recent studies have shown that nitrogen oxides 
(NOx=NO+NO2) are highly influential in SOA formation from various hydrocarbon 
precursors, including isoprene (Tuazon et al., 1990; Kroll et al., 2006; Surratt et al., 2010; 
Lane et al., 2008; Sato et al., 2011). NOx effects on SOA formation have been attributed to 
the chemistry of organic peroxy radicals (RO2). While the reaction of RO2 with HO2 and 
NO2 produces low volatile species, RO2+NO reaction could form volatile species via 
fragmentation of the resultant RO radical (Atkinson, 1997; Kroll and Seinfeld, 2008; 
Hatakeyama et al., 1989). Despite the fact that SOA formation from isoprene has been 
intensively studied, many observations in both laboratory studies and field measurements 
cannot be well explained based on our current knowledge of isoprene oxidation chemistry 
and yield (Lin et al., 2013a; Robinson et al., 2011a; Goldstein et al., 2009; Carlton et al., 
2010; Brock et al., 2003). For example, recent aircraft and ground-based studies during the 
CARES field mission suggested that SOA formation was enhanced when NOx was mixed 
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with isoprene-rich air masses, though the mechanism for the enhancement remains unclear 
(Setyan et al., 2012; Shilling et al., 2013). 
 Volatility is a key property of organic aerosol because it determines the partitioning 
between the gas and particle phases, and thus SOA formation. Most of the aerosol volatility 
studies focused on SOA generated from monoterpene ozonolysis (Li et al., 2007; 
Kostenidou et al., 2009; Lee et al., 2011; An et al., 2007). Limited studies have been 
conducted on the volatility of isoprene SOA and the results from these studies are 
inconclusive. King et al. (2010) observed that isoprene SOA volatility was not affected by 
NOx. However, Kleindienst et al. (2009) reported that the effective enthalpies of 
vaporization ( effvapH ) were 38.4 kJ*mol-1 and 43.2 kJ*mol-1 for SOA from isoprene 
photooxidation in the absence and presence of NOx, respectively, indicating that isoprene 
SOA formed in the presence of NOx was less volatile. Thus, the effects of NOx on the 
volatility of isoprene SOA are highly uncertain.  
 In this study, we systematically investigate the effects of NOx on the volatility of 
SOA from isoprene photooxidation in a series of chamber experiments. With a thermal 
denuder (TD) set at predefined temperatures, we focus on the measurement of the volatility 
of both the bulk organic aerosol and key chemical properties of that aerosol. Two types of 
experiments are conducted with a wide range of NOx conditions, in which the fate of RO2 
radicals varies and leads to differences in SOA yield, volatility, and oxidation state.  
3.2 Experimental Section 
Experiments were conducted in the Pacific Northwest National Laboratory (PNNL) 
dual 10.6 m3 Teflon environmental chambers (Liu et al., 2012). Before each experiment, 
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the chambers were flushed with purified air until the particle concentration was less than 
10 cm-3 and NOx and O3 concentrations were less than 1ppbv. Isoprene was injected into 
the chamber by passing a stream of pure air over a measured volume of the pure compound 
(Sigma-Aldrich, 99.8%). H2O2 was used as OH radical precursor in this study. For each 
experiment, H2O2 (Sigma-Aldrich, 50wt.% in H2O) was introduced into the chamber by 
passing pure air over 50μl of the H2O2 solution in a gently-heated glass bulb. The 
concentration of H2O2 in the chamber was not directly measured, but it was estimated to 
be about 1ppm based on the injected H2O2 volume and chamber volume. After all of the 
components were injected and well-mixed in the chamber, UV lights were turned on to 
initiate photooxidation reactions. All of the experiments were conducted at ~25°C and 
under dry conditions (RH< 5%). No seed particles were used in this study.  
 A suite of on-line instruments were used to characterize both the gas- and particle-
phase composition. A High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS, Aerodyne) was used to continuously characterize the chemical composition of 
non-refractory aerosol particles (DeCarlo, 2006; M.R.Canagaratna, 2007).  A Scanning 
Mobility Particle Sizer (SMPS, TSI) was used to measure the particle size distribution, 
number concentration, and total aerosol volume. A Proton Transfer Reaction Mass 
Spectrometer (PTR-MS) was used to monitor the concentration of isoprene and its major 
oxidation products in the gas phase. A UV absorption O3 analyzer (Thermo Environmental 
Instruments model 49C) allowed for the measurement of O3 concentration. A 
chemilumnescence NO/NO2/NOx analyzer (Thermo Environmental model 42) was used to 
measure concentration of NO and NOx. NO2 concentration can be calculated by subtracting 
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NO from the total NOx, though this calculation may be complicated by detection of NOy 
species (e.g. HNO3) as NO2 in the instrument. 
 A thermal denuder (TD), the design of which was based on Fierz et al. (2007) (Fierz 
et al., 2007), was used in this study to investigate aerosol volatility. The TD consists of a 
60cm long, 11.4mm ID stainless steel tube and has a residence time of 12s at the 
experimental flow rate of 0.31 LPM. In this study, the TD temperature was stepped from 
30 to 200°C with a temperature program of 30 /50 /70 /100 /150 /200 /180 /130 /110 /85 
/65 / 40°C. Both sections of the TD were set to the same temperature and the entire length 
contained heated activated carbon absorbent. The TD was placed upstream of the SMPS 
and HR-ToF-AMS. The aerosol was sampled through the TD at each temperature setting 
for five minutes, the valve was then switched to a bypass line for another five minutes, 
during which the TD temperature was ramped to the subsequent temperature setting. A full 
temperature cycle took two hours. The volatility of the SOA was inferred from the 
differences in composition and total aerosol volume between bypass and thermal-denuded 
data from HR-ToF-AMS and SMPS.  
 Two types of experiments were conducted in this study. The first type was referred 
to as “HO2-dominant” experiments (Expt. 1-3, Table 1), in which the NOx concentration 
was below the detection limit (1ppb) and organic peroxy radicals (RO2) primarily reacted 
with HO2 radicals. In the second type of experiment, NO was injected into the chamber 
from a gas cylinder (500ppm in N2) in addition to H2O2. Under these conditions, RO2 
radicals can react through multiple pathways, including with HO2, NO, NO2, and other RO2 
radicals. Herein, the second type experiment was referred to as “mixed” experiments (Expt. 
4-8, Table 1).  
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1 45.5 <1 1.04 6.3±0.2b 5.0±0.1b 
2  78.4 <1 0.82 14.7±0.3 6.7±0.2 
3  144.7 <1 0.44 30.2±1.4b 7.5±0.4b 
4 97.7 68.1 4.64 19.7±0.4 7.2±0.2 
5  91.4 114.8 4.40 19.7±0.8 7.7±0.3 
6  114.6 338.2 3.58 27.0±1.0 8.5±0.3 
7  105.5 466.2 3.35 10.9±1.5 3.7±0.5 
8  100.6 738.1 2.72 4.2±0.4 1.5±0.2 
a) Both SOA mass concentration and SOA yield are wall-loss corrected unless noted 
otherwise. Size-dependent wall loss rates are determined from “(NH4)2SO4 only” wall-loss 
experiments (Keywood et al., 2004). The particle mass concentration of SOA is calculated 
by multiplying the SOA volume by the SOA density. SOA volume is measured by the 
SMPS. SOA density is calculated from the AMS-measured vacuum aerodynamic diameter 
and the SMPS-measured mobility diameter. An average density of 1.3 g*cm-3 and 1.4 
g*cm-3 are obtained in HO2-dominant and mixed experiments, respectively. SOA yield is 
defined as the ratio of the mass concentration of SOA particles to the mass concentration 
of reacted isoprene. Stated uncertainties (1ơ) are calculated from the scatter in the particle 
volume measurements. 
b) Data are not wall-loss-corrected. 
c) Both SOA mass concentration and SOA yield correspond to aerosol growth at equivalent 
OH exposures of approximately 2*107 molecule*hour*cm-3. OH concentration is estimated 
from the measured isoprene decay. 
3.3 Results 
3.3.1 Aerosol Growth Dynamics 
Table 3.1 shows the experimental conditions and results. Shown in Figure 3.1 are 
the time series of NO, NO2, isoprene, methacrolein (MACR, C4H6O) + methyl vinyl ketone 
(MVK, C4H6O), and organic aerosol of a typical HO2-dominant (Expt. 2) and a typical 
mixed experiment (Expt. 6). In HO2-dominant experiments, NO and NO2 concentrations 
are below 1ppb throughout the experiment. In mixed experiments, NO and NO2 
concentration vary over the course of the experiment. After the lights are turned on, NO is 
64 
 
converted to NO2 via reaction with RO2, HO2, and O3, so the NO2 concentration initially 
increases. After NO is completely consumed, the NO2 concentration decreases steadily by 
reaction with RO2 to form secondary organic products and with OH to form HNO3. As all 
of the experiments are conducted under dry conditions (RH<5%), it is expected that the 
partitioning of HNO3 into the partition phase is negligible. O3 formation from NO2 
photolysis is observed in mixed experiments. O3 concentration was below 200ppb at the 
time when isoprene was completely consumed. Based on the reaction rate constants of 
isoprene with O3 and OH (1.28*10-17 and 1.01*10-10 cm3*molecule-1*s-1, respectively 
(Atkinson, 1997)) and the inferred OH concentration (~4*106 molecule*cm-3) from the 
measured isoprene decay, it is estimated that the isoprene+OH reaction is at least one order 
of magnitude faster than isoprene+O3 reaction. In addition, according to Kleindienst et al. 
(2007), ozonolysis of isoprene does not produce an appreciable amount of SOA. Hence, 
we do not expect the isoprene and O3 reaction to contribute to aerosol formation in this 
study. As MACR and MVK have the same molecular weight, they cannot be separated by 
PTR-MS (Langford et al., 2010; Murphy et al., 2010). Here, they are reported as the sum 








Figure 3.1. Time profiles for a typical (a) HO2-dominant experiment (Expt.2) and (b) mixed 
experiment (Expt.6). Note that SOA mass is not wall-loss corrected in these two figures. 
The large fluctuations in SOA mass concentration are caused by the aerosol alternately 




 The aerosol growth dynamics can be examined further by plotting the time 
dependent growth curves under different experimental conditions (Ng et al., 2006) . Shown 
in Figure 3.2 are the normalized growth curves (i.e., fraction of maximum OA 
concentration vs.  fraction of isoprene reacted). In HO2-dominant experiments, SOA 
growth ceases once all of the isoprene is consumed. In mixed experiments, however, SOA 
continues to grow even after all of the isoprene is consumed, indicated by the vertical 
section in the growth curve. Furthermore, the vertical section becomes more pronounced 
as the initial NO/isoprene ratio increases.  
 
Figure 3.2. Normalized time-dependent growth curves. Circles show the fraction of 
isoprene consumed by the time NO concentration decreased below the detection limit. 
3.3.2 Aerosol Volatility 
Aerosol volatility is inferred by plotting the volume fraction remaining (VFR) or 
mass fraction remaining (MFR) as a function of TD temperature (i.e., “thermograms”). In 
this study, VFR is calculated as the ratio of the aerosol total volume measured by SMPS 
through the TD to the average volume of the preceding and succeeding bypass runs. 
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Similarly, MFR is obtained from HR-ToF-AMS measurement.  Chamber particle wall-loss 
correction is not applied when calculating VFR or MFR, since VFR and MFR are ratios of 
measurements spaced closely in time and are therefore unaffected by chamber wall-loss. 
The loss of gas-phase species to chamber wall is not considered in this study, though recent 
studies suggested it may be significant for some species and therefore could have an effect 
on SOA composition (Matsunaga and Ziemann, 2010; Loza et al., 2010). 
 As TD temperature increases, the VFR decreases primarily due to the vaporization 
of semi-volatile components from the particles (Figure 3.3). The TD used in this study 
follows the design of Fierz et al. (2007), who observed minimal loss (<5%) of particles 
larger than 20 nm at temperatures of up to 200°C at a flow rate of 0.32 LPM. Given the 
short residence time in the TD, the thermal decomposition of species such as organic 
peroxides, carboxylic acids, and polyols in the TD is likely to be negligible compared to 
vaporization. For example, Hiatt and Strachan (1963) measured a decomposition rate of 
7*10-5 s-1 at 176°C for 1-phenyl-2-methylproply-2-hydroperoxide. This decomposition rate 
would lead to only 1% decomposition of species during the TD residence time. SOA 
generated in both HO2-dominant and mixed experiments shows similar VFR below 70°C. 
The differences in SOA volatility between HO2-dominant and mixed experiments become 
evident above 80°C. Comparing the VFR at each temperature between all experiments, 
VFR increases with an initial NO/isoprene ratio up to 3. Beyond this ratio, increasing initial 
NO/isoprene ratio leads to a decrease in VFR. For example, at a TD temperature of 130 
°C, the VFR is 0.35 at a NO/isoprene ratio of 0.69, increases to 0.48 at a NO/isoprene ratio 
of 2.95 and then decreases to 0.30 at a NO/isoprene ratio of 7.34. The observation that VFR 
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varies nonlinearly with the initial NO/isoprene ratio indicates that the volatility of isoprene 
SOA is very sensitive to the NOx level. 
 
Figure 3.3. SMPS volume-based thermograms for the experiments described herein. VFR 
is calculated for all experiments at equivalent OH exposures of approximately 2*107 
molecule*hour*cm-3. The solid black arrow highlights the observation that VFR first 
increases and then decreases as NO/isoprene increases. Error bars are based on the 
variability of the SMPS volume measurements. Data are not corrected for any temperature 
dependent losses in the TD, which a previous study suggested to be minor (Fierz et al., 
2007). Data correspond to the TD temperatures (30 /50 /70 /85 /110 /130 /150 /180 /200°C, 
indicated by the dashed lines) and data are offset from the TD temperature for visual clarity. 
The VFR at 40, 65, and 100°C are consistent with shown data, but are omitted for clarity. 
3.3.3 SOA Temporal Evolution 
Figure 3.4 shows the time evolution of the VFR at various TD temperatures, SOA 
O/C and H/C ratios, and SOA oxidation state (Kroll et al., 2011) (=2*O/C-H/C) of a typical 
HO2-dominant (Expt. 2) and a typical mixed experiment (Expt. 6). The presence of 
hydroperoxide group and organic nitrate groups (NO+ and NO2+) introduces slight 
deviations from this calculation. The uncertainty in oxidation state of HO2-dominant 
experiments is estimated to be 0.1 based on Kroll et al. (2011). The deviation caused by 
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organic nitrate groups would be negligible, considering that the mass fraction of NO+ and 
NO2+ in total SOA is only about 5% in mixed experiments. In the HO2-dominant 
experiment, both the VFR at 130°C and the oxidation state continuously increase from 0.10 
to 0.29 and from -0.66 to -0.37, respectively, over 18 hours, indicating that the aerosol 
becomes less volatile and more oxidized as oxidation progresses. In the mixed experiment 
the VFR remains relatively constant over time.  Interestingly, the temporal evolution of the 




Figure 3.4. Evolution of key SOA chemical and physical properties for a representative (a) 
HO2-dominant experiment (Expt.2) and (b) mixed experiment (Expt.6).  
 
(a) Expt. 2  
Initial isoprene = 78.2ppb; 
(b) Expt. 6  




3.4.1 NOx Effects on Volatility of Isoprene SOA 
It has been established that the NOx level plays an important role in SOA formation 
from isoprene photooxidation (Kroll et al., 2006; Hatakeyama et al., 1991; Lin et al., 
2013a) and has been attributed to the chemistry of organic peroxy radicals (RO2) (Kroll 
and Seinfeld, 2008; Presto, 2005a) . A simplified mechanism of isoprene photooxidation 
is shown in Figure 3.5. Generally, reactions of RO2 with HO2 form hydroperoxide species 
(ROOH) of low volatility. Reaction of RO2 with NO generates RO radicals, which fragment 
readily due to their small sizes (Atkinson, 1997; Ng et al., 2007). RO2 may react with NO2 
to form peroxynitrates, which can be relatively low in volatility (Bertman and Roberts, 
1991; Tuazon and Atkinson, 1990). RO2 can also undergo self- and cross-reactions to form 
alcohols and carbonyls. For clarification, in the following discussions we use ISO2 to 
denote the peroxy radical formed from isoprene+OH, MACRO2 to denote the peroxy 
radical formed from MACR+OH, and RO2 to denote generic peroxy radicals. 
 The dependence of SOA yield, VFR, and oxidation state on the initial NO/isoprene 
ratio is shown in Figure 3.6. SOA yield increases with initial NO/isoprene up to a ratio of 
3, beyond which it decreases with increasing initial NO/isoprene ratio. This trend is 
consistent with previous studies on isoprene photooxidation (Dommen et al., 2006; Kroll, 
2006). The VFR and oxidation state also exhibit a similar non-linear dependence on the 
initial NO/isoprene ratio as SOA yield, indicating that SOA yield is highly related to the 
volatility and degree of oxidation of the aerosol.  It is noted that the aerosol oxidation state 
observed in Expt. 8 does not follow the general trend observed in the other experiments. 
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One possible explanation for the higher oxidation state of the aerosol in Expt. 8 is the effect 
of aerosol mass loading. The loading of suspended particles for Expt. 8 is only 2.5 μg*m-
3; however, loadings are between 8 and 9.6 μg*m-3 for the other mixed experiments. With 
a smaller organics mass loading, only the more oxidized species can partition into the 
aerosol phase, resulting in a higher degree of oxidation of the aerosol in this particular 
experiment (Odum, 1996; Shilling et al., 2009; Ng et al., 2010; Loza et al., 2012). 
 
Figure 3.5. Simplified reaction mechanism of isoprene photooxidation. The reaction rate 
constants listed are from MCMv3.2 in units of cm3*molecule-1*s-1.  Letter labels on particle 
phase species correspond to literature references as follows: (a) Surratt et al. (2010) (b) 
Nguyen et al. (2010) (c) Ion et al. (2005) (d) Proposed in this study (e) Claeys et al. (2004a) 
(f) Wang et al. (2005) (g) Lin et al. (2012)  (h) Kleindienst et al. (2009). Note that oligomers 
are not shown in this figure. 
 
  The dependence of SOA yield, volatility, and oxidation state on NOx level likely 
arises from gas-phase RO2 chemistry and succeeding particle-phase oligomerization 
reactions. In HO2-dominant experiments, hydroxyhydroperoxides (ISOPOOH) formed via 
reaction of ISO2 with HO2 are the major first generation products. Previous studies showed 
that the ISOPOOH yield could be as large as ~70% (Paulot et al., 2009b).The 
decomposition of the OH adduct of ISOPOOH can produce dihydroxyepoxides (IEPOX), 
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the yield of which exceeds 75% (Paulot et al., 2009b). It is worth noting that no wet/acidic 
seeds were used in this study, so that the uptake of IEPOX is not expected to be appreciable 
(Nguyen et al., 2013; Lin et al., 2012). The volatility of SOA generated from heterogeneous 
reactions of IEPOX in the presence of seed particles could be of lower volatility and this 
warrants future investigation. In the absence of seed particles in this study, the further 
oxidation of IEPOX proceeds mainly via H abstraction by OH. The RO2 formed after this 
H abstraction and subsequent ring opening can react with HO2 to form ROOH (Paulot et 
al., 2009b). In brief, organic peroxides and polyols are major products of RO2 chemistry in 
HO2-domiant experiments (Surratt et al., 2010; Surratt et al., 2006). Previous studies 
observed oligomers in HO2-domiant experiments (Nguyen et al., 2011; Surratt et al., 2006). 
Further, Nguyen et al. (2011) showed that oligomers in HO2-dominant experiments are 
dominated by dimers, which are thought to form from aldehydes and polyols through 
addition chemistry.  
 In mixed experiments, the RO2 radical chemistry is more complex and various 
reaction pathways can contribute to SOA formation. MACR and MVK from the ISO2 + 
NO reaction, are the main first generation product, though only MACR is thought to lead 
to further SOA formation (Surratt et al., 2006; Chan et al., 2010a; Crounse et al., 2012). 
MACR can be further oxidized by OH via either abstraction of the aldehyde hydrogen 
(~45%) or addition to the double bond (~55%) (Orlando et al., 1999). An acylperoxy 
(RC(O)OO) radical is formed after the abstraction of aldehydic hydrogen and reaction with 
oxygen. RC(O)OO may react with HO2, RO2, or NO2. The reaction of RC(O)OO with HO2 
and RO2 can form carboxylic acids (Kroll et al., 2009; Atkinson, 2007; Villenave et al., 
1998), while the reaction of RC(O)OO with NO2 can form methacryloylperoxynitrate 
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(MPAN). It has been suggested that the further oxidation of MPAN by OH can generate 
methacrylic acid epoxide (MAE) or ɑ-lactone, both of which can lead to 2-methylglyceric 
acid (2-MG) formation (Lin et al., 2013b; Kjaergaard et al., 2012). Therefore, it is likely 
that multifunctional acids are primary products of RO2 chemistry in mixed experiments. 
This is consistent with our observations of higher fCO2 (fraction of CO2+ ion signal intensity 
relative to the total OA signal intensity, indicative of highly oxidized acids (Alfarra et al., 
2004)) in mixed experiments than in the HO2-dominant experiments (Figure S1 and S2 in 
supporting information). Previous studies found oligomerization to be significant in the 
isoprene/NOx photooxidation system (Surratt et al., 2006; Lin et al., 2013b; Nguyen et al., 
2011). For instance, Surratt et al. (2006) report that 17% of the SOA mass is oligomers and 
2-MG as a key monomeric unit in oligomerization under similar conditions as our mixed 
experiments.  
 The highest yield and VFR is achieved in Expt. 6 (initial NO/isoprene ~ 2.95). 
MACR reaches its maximum concentration approximately when NO decreases to < 1ppb 
(Figure 3.1b). Thus, MACRO2 mainly reacts with HO2, and NO2, rather than NO, which 
results in the formation of 2-MG as discussed above. Nguyen et al. (2011) showed that 
oligomerization is more extensive in mixed experiments than in HO2-dominant 
experiments and that while dimers are the most abundant oligomers in HO2-dominant 
experiments, oligomers with three and four monomer units are the most prominent in 
mixed experiments. In addition to the longer length of oligomer, the individual monomers 
have lower volatility in mixed experiments than in HO2-dominant experiments (Nguyen et 
al., 2011). Nguyen et al. (2011) observed that 2-MG (C4H8O4) is the most frequent 
repeating monomer in mixed experiments, which is less volatile than the most dominant 
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acetaldehyde monomer (C2H6O2) observed in HO2-dominant experiments. Unlike other 
experiments in this study, the thermograms of COH+, C2H3O+, and CO2+ (important HR-
ToF-AMS ions, Figure S3 in SI) in Expt. 6 are similar and the MFR of these ions remains 
relatively stable at 0.9 until a TD temperature of > 80°C, indicating the SOA is 
multifunctional and of lower volatility than in all other experiments. In summary, the NOx 
level in Expt. 6 favors the formation of 2-MG and extensive oligomer formation, resulting 
in the generation of the least volatile and most oxidized SOA with the highest SOA yield.  
 The dependence of aerosol volatility and oxidation state on NOx concentration is 
highly nonlinear, as evident by the trends in Figure 3.6. SOA yield decreases when the 
initial NO/isoprene is lower than 3. In Expt. 4 (initial NO/isoprene ~ 0.68), NO decreases 
below 1ppb in 30 min. At that time, half of the initial isoprene still exists and ISOPOOH-
related oxidation products contribute to SOA. Thus, SOA generated under this NOx level 
has features similar to the HO2-dominant experiments. However, the presence of NO 
enhances the formation of MACR, the yield of which is much higher than that in HO2-
dominant experiments. The continued reaction of MACR proceeds mainly through 
MACRO2+HO2/RO2 /NO2 pathways to form acids and SOA efficiently. Hence, the SOA 
VFR and yield are higher than in the HO2-dominant experiments. 
 Higher NOx levels cause the RO2+NO pathway to become more competitive which 
in turn inhibits SOA formation. In Expt.8 (initial NO/isoprene ~ 7.34), the NO 
concentration is 60ppb at the time when isoprene is completely consumed and ISO2 reacts 
exclusively with NO as a result. When MACR reaches a maximum, the NO/NO2 ratio is 
about 0.4. Considering the rate constants for the MACRO2 reaction with NO and NO2 are 
similar (9.04*10-12 vs. 9.0*10-12 cm3*mole-1*s-1 (Yee et al., 2012)), a fraction of MACRO2 
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reacts with NO, the products of which fragment to form volatile species, such as 
hydroxyacetone and methylglyoxal (Orlando et al., 1999; Paulot et al., 2009a). Therefore, 
formation of 2-MG is suppressed and more volatile species are generated, leading to less 
SOA formation at this higher NO level. 
 It has been suggested that OH concentration could affect SOA formation and yield 
in laboratory experiments (Song et al., 2007; Healy et al., 2009; Chan et al., 2007). 
Generally, the OH concentrations in mixed experiments are ~3-4 times higher than in HO2-
dominant experiments (Table 3.1), due to rapid regeneration of OH from the HO2+NO 
reaction. However, the effect of OH concentration alone is unlikely to explain our 
observations of the dependence of SOA properties on NOx levels. For example, the OH 
concentration in Expt.7 is only 7% lower than that in Expt. 6, but the SOA yield decreases 
by more than 50%. 
3.4.2 NOx Effects on Aerosol Growth 
Substantial insight into NOx effects on SOA formation can be gained by examining 
time-dependent SOA growth under different NOx conditions. As seen in Figure 3.2, the 
growth curves in mixed experiments exhibit a vertical section, which becomes more 
pronounced as the initial NO concentration increases. The vertical section in growth curves 
can be attributed to the competition between the isoprene consumption rate and the SOA 
formation rate. In HO2-dominant experiments, the most important pathway of SOA 
formation is via ISOPOOH and IEPOX formation and SOA is mainly formed by the 
oxidation of second-generation products. However, the NOx reaction pathway requires 
even higher-generation products to generate SOA (e.g., through MACR, MPAN, and 
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finally MAE), so that the SOA formation is expected to take longer in the mixed 
experiments than in the HO2-dominant experiments. In addition, the high level of NO can 
further inhibit the SOA formation rate by favoring the MACRO2+NO pathway, which 
leads to formation of highly volatile species. Therefore, the vertical section in growth curve 
becomes more evident as the initial NO concentration increases. 
 Reactions between higher generation products may also contribute to the vertical 
section observed in the growth curve.  Previous studies have shown that aldehydes may 
react with hydroperoxides to form peroxyhemiacetals (Ng et al., 2007; Johnson et al., 2004; 
Yee et al., 2012; Bin Lim and Ziemann, 2009). In mixed experiments, the presence of NO 
enhances aldehyde formation.  After the NO concentration goes to zero, the reaction of 
RO2 with HO2 is competitive, which produces hydroperoxides. Thus, the formation of 
peroxyhemiacetals may be enhanced in mixed experiments and contribute to further 
aerosol growth after isoprene is consumed. 
 The absence of vertical sections in HO2-dominant experiments may be caused by 
the rapid loss of SOA mass as discussed in the next section. As illustrated in Figure 3.1a, 
the SOA mass starts decreasing when the isoprene concentration reaches zero. Therefore, 
SOA growth ceases when isoprene is completely consumed and no vertical section is 
observed in the growth curve. 
3.4.3 Aerosol Aging 
The temporal evolution of SOA mass is also different in the two types of 
experiments (Figure 3.1). After reaching peak growth, SOA mass decreases much faster in 
HO2-dominant than that in mixed experiments, even after correcting for particle chamber 
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wall-loss. The faster decay in SOA mass in the HO2-dominant experiments has been 
observed in previous studies (Lee et al., 2000; Surratt et al., 2006; Kroll et al., 2006) and 
could be attributed to the photolysis of hydroperoxides. Surratt et al. (2006) observed that 
the peroxide contribution to the total SOA mass decreases from 59% to 26% in 12 hours 
of irradiation. Recently, Henry and Donahue (2012) observed rapid aerosol evaporation 
after exposing α-pinene ozonolysis SOA to additional H2O2 and UV lights. They attributed 
the aerosol volatilization to photolysis of hydroperoxides, which were produced after 
introducing the H2O2.  
 Although SOA mass decreases rapidly in the HO2-dominant experiments, the 
remaining SOA becomes less volatile and more oxidized over time (Figure 3.4). The 
increase in aerosol VFR and oxidation state could arise from the formation of carboxylic 
acids, which are of low volatility and highly oxidized. In Expt. 2, fCO2 increases from 3.6% 
to 8.5% during the reaction (Figure S5 in SI), suggesting that organic acids contribute more 
to the total aerosol mass over time. One possible source of carboxylic acids is the oxidation 
of polyols. Surratt et al. (2010) showed that gas-phase 2-methyltetrols and IEPOX in HO2-
dominant experiments reached a maximum 4 hours after irradiation, but decreased rapidly 
over the next 8 hours, indicating the further oxidation of polyols. It is likely that hydroxyl 
groups are oxidized to form aldehyde groups (Bethel et al., 2003), which can then be further 
oxidized to carboxylic acids (Hasson et al., 2004). Another possible source of carboxylic 
acids is the photolysis of hydroperoxides, which is expected to be significant as discussed 
above. The photolysis most likely severs the O-OH bond in hydroperoxides and results in 
the formation of an alkoxy radical (Baasandorj et al., 2010). Due to the small size of the 
alkoxy radical in the isoprene oxidation products, fragmentation will occur and likely form 
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aldehydes, the further oxidation of which can generate carboxylic acids (Hasson et al., 
2004). In summary, as the formation of carboxylic acids from alcohol oxidation and 
hydroperoxide photolysis involves cleavage of C-C bond and addition of oxygen atom, 
these conversions likely cause the increase in SOA oxidation state over time in the HO2-
dominant experiments (Bethel et al., 2003).  
 The temporal evolution of VFR in mixed experiments shows the same complex 
dependence on NOx level as the SOA yield. For the experiment with the highest yield 
(Expt. 6, initial NO/isoprene ~ 3), VFR remains relatively constant over time (Figure 3.4b). 
However, an increase in VFR is observed in mixed experiments when the initial 
NO/isoprene is above or below 3. For Expt. 4 (initial NO/isoprene ~0.7), the increase in 
VFR (Figure S4a) may be caused by the fact that products from the RO2+HO2 pathway 
contribute to SOA and SOA formed under low NOx levels has features similar to the HO2-
dominant experiments. For Expt. 8 (initial NO/isoprene ~7.4), the increase in VFR (Figure 
S4b) may be attributed to the formation of low volatile species by further oxidation of 
volatile species, which are generated via the RO2+NO reaction. 
 Results from previous studies have suggested that aerosol volatility is generally 
inversely correlated to the bulk O/C ratio (Jimenez et al., 2009; Lanz et al., 2007; Aiken et 
al., 2008). However, some recent studies revealed that aerosol with similar volatility can 
have fairly different O/C ratios (Hildebrandt et al., 2010; Setyan et al., 2012). In this study, 
VFR is generally well correlated with the O/C ratio in the mixed experiments. In the HO2-
dominant experiments, however, VFR increases over time and the O/C ratio decreases 
slightly from 0.6 to 0.55 10 hours into the experiment (Figure 3.4a). The oxidation state, 
reflecting the changes in both O/C and H/C, follows the trend of VFR in both types of 
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experiments. Thus, this study suggests that particle oxidation state is a better indicator of 
volatility than O/C ratio for the isoprene photooxidation system. 
  
Figure 3.6. Dependence of SOA particle mass yield, VFR, and oxidation state on initial 
NO/isoprene ratio. The NO-free point (far left of figure) is from Expt. 2, where the initial 
isoprene concentration is close to that in mixed experiments. Values of all three parameters 
shown here are calculated at equivalent OH exposures of approximately 2*107 
molecule*hour*cm-3. VFR is calculated at a TD temperature of 130°C, which is 
representative of the trends in all the data at TD temperatures greater than 80°C. 
Uncertainties in the yield and VFR are the same as in Table 3.1 and Figure 3.3, respectively. 
Uncertainties in the oxidation state are estimated by propagating the error of O/C (30%) 
and H/C (7%) measurements (Aiken et al., 2007). Oxidation state (black square) is labelled 
with loading of suspended particles (μg/m3). Most experiments have comparable aerosol 
loadings, suggesting that the oxidation state trend shown here is not caused by the aerosol 
loading effect. 
3.5 Atmospheric Implications 
Previous experiments have been performed under extreme NOx conditions by the 
selective use of OH precursors to saturate the system with either NO/NOx (“high-NOx” 
condition) or HO2 radicals (“low-NOx” condition). While “high-NOx” and “low-NOx” have 
traditionally been used to describe photochemical conditions, these terms may not 
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adequately describe the complexity of the reaction pathways. Recently, Wennberg (2013) 
suggested that instead of characterizing reaction conditions as either high or low NOx, one 
should explicitly specify the fate of RO2 radicals. In this study, we highlight the different 
roles of NO and NO2 in SOA formation, dynamic changes between NO and NO2, and 
competitive chemistry of RO2 among various pathways and their effects on aerosol 
composition and volatility.  
 We find that SOA volatility is sensitive to NOx and varies with NOx level in a non-
linear manner. Depending on the NOx level and reaction pathways of peroxy radicals, the 
SOA formed in mixed experiments could be of similar or lower volatility compared to that 
formed in HO2-dominant experiments. This observation might help to reconcile the 
seemingly contradictory observations of the NOx effect on isoprene SOA volatility reported 
in previous literature studies. While King et al. (2010) observed that isoprene SOA 
volatility was not affected by NOx, Kleindienst et al. (2009) reported that isoprene SOA 
formed in the presence of NOx was less volatile. It is noted that different NOx levels were 
investigated in these two studies. The NOx/isoprene ratio was maintained at 0.76 in King 
et al. (2010), so that RO2+NO reaction was relatively more competitive throughout their 
experiment. However, in Kleindienst et al. (2009), it appears that 2-31% of isoprene was 
still present by the time NO had reacted completely. It is possible that difference between 
these two studies is a result of reactions occurring at different NO/isoprene ratios. In 
addition to volatility, isoprene SOA yield and oxidation state also exhibit a non-linear 
dependence on NOx levels. Current regional and global atmospheric SOA models treat the 
effects of NOx on SOA properties as a linear combination of SOA formation under two 
81 
 
extremes (“low-NOx” and “high-NOx” conditions) (Presto and Donahue, 2006; Pye et al., 
2010).  From the time dependent growth curves, it is clear that there is a vertical section at 
the end of the mixed experiments, indicating the presence of different rate determining 
steps in SOA formation and/or the enhancement of higher-generation oxidation chemistry 
when RO2 reacts through various pathways. Taken together, it is evident from the present 
work and previous studies that the nonlinear effects of NOx on SOA formation need to be 
included in the next generation of models in order to accurately predict the dynamics of 
SOA formation and composition in ambient environments where the fate of RO2 varies 
considerably. 
 It has been argued previously that the discrepancies between laboratory and 
ambient SOA could arise from limited oxidation aging in laboratory experiments. This 
study reveals that SOA aging in laboratory chamber studies is highly dependent on NOx 
levels. SOA formed in HO2-dominant experiments become more oxidized and less volatile 
as oxidation progresses. On the contrary, the composition of SOA in mixed experiments 
does not change substantially over time. Therefore, NOx effects need to be taken into 
account in future laboratory aging studies. 
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CHAPTER 4: EFFECTS OF ANTHROPOGENIC EMISSIONS ON 
AEROSOL FORMATION FROM ISOPRENE AND 
MONOTERPENES IN THE SOUTHEASTERN UNITED STATES 
4.1 Background 
Organic aerosol (OA) is an important atmospheric component that influences 
climate, air quality, and human health (Hallquist et al., 2009). A large fraction of OA is 
secondary organic aerosol (SOA), which is formed through oxidation of volatile organic 
compounds (VOCs) emitted from human activities (anthropogenic) and vegetation 
(biogenic). In particular, biogenic VOCs (BVOCs), such as isoprene (C5H8) and 
monoterpenes (C10H16), are key precursors for global SOA formation owing to their larger 
emissions and higher reactivity with atmospheric oxidants compared to anthropogenic 
VOCs (Hallquist et al., 2009). However, the extent to which anthropogenic pollutants 
mediate the formation of SOA from biogenic VOCs (referred to as biogenic SOA) in the 
ambient environments is poorly understood and highly uncertain. For example, while 
radiocarbon analysis repeatedly indicated that more than half of carbon in SOA is of 
modern (biogenic) origin in the southeastern (SE) US (Schichtel et al., 2008; Weber et al., 
2007), aircraft measurements in the same region showed that SOA correlates with 
anthropogenic tracers, such as CO (Weber et al., 2007). 
One possible explanation to reconcile the seemingly contradictory results from 
radiocarbon studies and ambient measurements is that the majority of SOA is produced 
from naturally emitted BVOCs, but its formation processes also involve pollutants 
originated from anthropogenic emissions (Weber et al., 2007; Spracklen et al., 2011). 
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Laboratory studies have recently revealed that biogenic SOA formation can be largely 
affected by anthropogenic pollutants such as NOx and SO2 (Hallquist et al., 2009; Kroll and 
Seinfeld, 2008). According to 2011 US national emission inventory 
(http://www.epa.gov/ttn/chief/net/2011inventory.html), 90% of NOx and 97% of SO2 are 
anthropogenically emitted. NOx can alter SOA formation by influencing peroxy radical 
chemistry in BVOCs oxidation mechanisms (Kroll and Seinfeld, 2008). The reaction of 
NO2 with O3 forms nitrate radicals, which can oxidize BVOCs to form condensable 
products that often have high SOA yields (Fry et al., 2009; Ng et al., 2008). The effect of 
SO2 was investigated but often explained in the context of particle acidity in laboratory 
studies (Surratt et al., 2010). Despite intense laboratory investigations, only few proposed 
mechanisms are consistent with ambient observations (Rollins et al., 2012) and the reasons 
for the observed enhancement of biogenic SOA formation in certain polluted environments 
remain unclear (Shilling et al., 2013; Goldstein et al., 2009). For instance, while some 
laboratory studies found that particle acidity can enhance isoprene SOA formation (Surratt 
et al., 2010), only weak correlations have been observed in the atmosphere between tracers 
of isoprene SOA and particle acidity (Worton et al., 2013; Lin et al., 2013a; Budisulistiorini 
et al., 2013; Tanner et al., 2009). Thus, a coherent understanding of the enhancement of 
biogenic SOA in polluted environments has not emerged and these proposed mechanisms 
from laboratory studies have not been quantitatively established in ambient environments. 
Here, we provide direct observational evidence and quantification of 
anthropogenically-enhanced biogenic SOA formation in the Southern Oxidant and Aerosol 
Study (SI Appendix, SOAS) field campaign in June and July 2013. In addition, we also 
conducted ambient measurements from May 2012 to February 2013 at multiple rural and 
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urban sites in the greater Atlanta area as part of the Southeastern Center of Air Pollution 
and Epidemiology study (SCAPE, EPA Clean Air Center, SI Appendix). The SE US is ideal 
for studying anthropogenic-biogenic interactions due to high natural emissions and the 
proximity to anthropogenic pollution sources. Here, we investigate the sources of OA 
employing factor analysis of high-time-resolution mass spectrometry data coupled with a 
suite of comprehensive and collocated measurements (SI Appendix, Instrumentation). We 
have also performed complementary laboratory studies to examine possible chemical 
mechanisms to interpret results from ambient measurements. From these integrated 
ambient and laboratory studies, we show that anthropogenic SO2 and NOx emissions 
substantially mediate SOA formation from BVOCs such as isoprene and monoterpenes in 
the SE US.  
4.2 Organic Aerosol Source Apportionment 
We obtain quantitative, real-time measurements of five non-refractory submicron 
particulate matter (PM1) components (organics, sulfate, nitrate, ammonium, and chloride) 
with High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) from 
June 1 to July 15, 2013 (SI Appendix, Fig.S2) at the SEARCH (SouthEastern Aerosol 
Research and Characterization) network site near Centreville in rural Alabama, which 
served as the SOAS ground site. The measured campaign-average of non-refractory PM1 
mass is 7.5±5.3 g m-3 (average ± one standard deviation), which is similar to the 
campaign-average PM2.5 mass of 7.8±4.6 g m-3 (average ± one standard deviation), 
considering the detection differences in particle size range and particle composition 
(refractory species are not detected by HR-ToF-AMS) between two methods. We find that 
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organics are the dominant components in PM1 with a mass fraction of 67%, followed by 
sulfate at 26%.   
To determine the sources of organic aerosols (OA) measured at Centreville during 
SOAS, we perform multivariate factor analysis with positive matrix factorization (PMF) 
and identify four subtypes of OA (SI Appendix, PMF). Figure 4.1 shows the unique mass 
spectrum and time series of each of these factors. The first two factors are oxygenated OA 
(OOA) with high but differing atomic oxygen-to-carbon (O:C) ratio. We refer to the OOA 
factor with higher O:C ratio as “more-oxidized OOA (MO-OOA, O:C=0.80)” and the one 
with lower O:C ratio as “less-oxidized OOA (LO-OOA, O:C=0.46)”. MO-OOA and LO-
OOA represent 39% and 33% of OA, respectively. The mass spectrum of the third factor 
is characterized by ions at m/z 60 (C2H4O2+) and 73 (C3H5O2+), which are known to be 
produced by levoglucosan, a tracer for biomass burning (Schneider et al., 2006) and indeed 
correlates with the third factor (R=0.65, Figure 4.1f) in Centreville. In addition, the third 
factor shows good correlation with brown carbon (R=0.8) (SI Appendix, PILS-LWCC-
TOC), which appears to be significant in biomass combustion emissions (Hecobian et al., 
2010). Thus, we identify this factor as biomass burning OA (BBOA), which represents 
10% of OA. 
A fourth factor, characterized by tracer ions at m/z 53 (C4H5+) and m/z 82 (C5H6O+) 
in its mass spectrum, contributes 18% of OA. This same factor has been observed in several 
recent field studies (Robinson et al., 2011a; Budisulistiorini et al., 2013; Slowik et al., 
2011) and has been linked to isoprene, given its mass spectral similarity to laboratory-
generated isoprene SOA via the reactive uptake of epoxydiols (IEPOX), an important 
oxidation product of isoprene when organic peroxy radicals mainly react with hydroperoxy 
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radicals (Paulot et al., 2009b). Previous ambient measurements (Budisulistiorini et al., 
2013) showed that this factor correlated with 24h integrated filter-based 2-methylerythritol 
and 2-methylthreitol (collectively referred to as methyltetrols), which are known isoprene 
SOA tracers likely formed from IEPOX uptake (Claeys et al., 2004a; Surratt et al., 2010). 
In Centreville, we continuously measure particle-phase methyltetrols with a semi-volatile 
thermal desorption aerosol gas chromatograph (SV-TAG) and find that the fourth factor 
indeed correlates with methyltetrols (R=0.65, Figure 4.1h), which provides further 
evidence that this factor is related to isoprene. Additionally, isoprene is the most abundant 
BVOC (highest mixing ratio) during daytime in Centreville and exhibits a similar diurnal 
trend as the fourth OA factor (SI Appendix, Fig.S4).  PMF analysis of our six SCAPE 
datasets (SI Appendix, SCAPE, EPA Clean Air Center) also revealed a factor of similar 
mass spectral features (i.e., prominent signals at C4H5+ and C5H6O+) only in the warmer 
months, from May to September (Figure 4.2) when isoprene emissions are strongest and 
methyltetrols concentrations are highest (Guenther et al., 2006; Ding et al., 2008). Based 
on all of this evidence, we name the fourth factor, which is likely related to isoprene SOA 
formed via reactive uptake of IEPOX, as isoprene-derived organic aerosol (Isoprene-OA).  
In this work, we aim at quantifying the extent of anthropogenically mediated 
biogenic SOA in the SE US. We focus on the discussion of Isoprene-OA and less-oxidized 
oxygenated organic aerosol (LO-OOA), as these two OA subtypes could originate from 
biogenic isoprene and monoterpenes, respectively, and be greatly mediated by 
anthropogenic emissions. We note that the more-oxidized oxygenated organic aerosol 
(MO-OOA) accounts for 24-49% of measured organic aerosol in the SE US (Figure 4.2), 
though the sources of this OA subtype is currently unclear and warrants future 
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investigations. As MO-OOA has the highest O:C ratio among all OA factors, it likely 
represents highly aged organic aerosol from multiple origins (Ng et al., 2010).  
4.3 Effects of Sulfate on Isoprene-derived Organic Aerosol 
A striking feature of the Centreville aerosol is a strong association (R=0.77) 
between Isoprene-OA and sulfate (SO42-). This feature appears to be common throughout 
the SE US based on our SCAPE datasets in the greater Atlanta area (range of R between 
Isoprene-OA and sulfate is 0.73-0.88). For instance, in Centreville, a spike in Isoprene-OA 
and known isoprene oxidation product methyltetrols was observed from about noon to 
18:00 on June 26 when the site was influenced by a sulfate-rich plume (Figure 4.1h). 
Similarly, in Yorkville (SEARCH site in Georgia), when a dramatic decrease in sulfate 
concentration occurred on July 6, 2012, among three OA factors, only the Isoprene-OA 
showed a corresponding decrease (SI Appendix, Fig.S5). These observations, and other 
observed similar events highlight the importance of sulfate in isoprene SOA formation in 
the SE US. However, how exactly and to what extent sulfate mediates isoprene SOA 
formation in the ambient environments remains elusive. Recent laboratory studies 
proposed that isoprene SOA formation from IEPOX requires particle water (H2Optcl) for 
IEPOX uptake, proton donors (e.g., H+ or NH4+) for catalyzing IEPOX ring-opening, and 
nucleophiles (e.g., H2O, SO42-, NO3-) to facilitate further particle-phase reactions (Surratt 
et al., 2010; Nguyen et al., 2014). A simplified mechanism of this process is shown in 
Figure 4.3a. The highly convoluted interactions among particle water, particle acidity, and 
sulfate present a challenge in elucidating the roles of each of these parameters in isoprene 
SOA formation (Figure 4.3a). For example, the direct effect of sulfate on SOA formation 
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(possibly through nucleophilic addition) may be “misinterpreted” as the effect of particle 
water and acidity because they are typically driven by sulfate (Fountoukis and Nenes, 
2007). 
Another critical challenge to elucidate the effects of each parameter is the 
determination of particle water content ([H2Optcl], [ ] denotes g m-3 of air) and particle 
acidity (H+(aq), (aq) denotes mol L-1 of H2O). For Centreville and all SCAPE datasets, we 
comprehensively calculate [H2Optcl] by including the contribution from organics based on 
measured organic hygroscopicity (Cerully et al., 2015) and contribution from inorganics 
based on the thermodynamic model ISORROPIA II (Fountoukis and Nenes, 2007). 
Detailed calculations of [H2Optcl] can be found in (Guo et al., 2015). The calculated 
[H2Optcl] agrees with our indirect measurements of particle water content (Guo et al., 2015). 
Further, we calculate particle pH based on [H2Optcl] and ISORROPIA II output [H+] (µg 
m-3 air). The ISORROPIA equilibrium calculations accurately predict the measured gas-
phase ammonia concentrations, providing a strong validation for our particle acidity 
calculation (Guo et al., 2014). Our results show that aerosol throughout the SE US is very 
acidic (pH ranging between 0 and 2) and contains high particle water contents (average 
[H2Optcl] ranging between 5.1 and 8.4 g m-3) in the summer time (Guo et al., 2015). 
In the SE US, H+ is a more efficient proton donor than NH4+ since NH4+ is an 
effective catalyst only for pH>4 (Nguyen et al., 2014). Bisulfate (HSO4-) could also act as 
proton donor, which may provide electrostatic stabilization of partially formed 
intermediate (Whalen, 1973). Although the efficiency of bisulfate in catalyzing IEPOX 
ring opening is uncertain, it is expected to be lower than H+ under the low pH condition in 
the SE US. Regarding nucleophiles, SO42- is the most important because of its high particle 
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concentration and stronger nucleophilic strength (Piletic et al., 2013) compared to other 
species (NO3- and H2O). Together, these results indicate that H2Optcl, H+, and SO42- are the 
most important parameters affecting isoprene SOA formation from IEPOX uptake in the 
SE US.  
We perform multivariate linear regression analysis on Centreville data to gain 
quantitative insights into the effects of particle water ([H2Optcl]), particle acidity (H+(aq)), 
and sulfate ([SO42-]) (SI Appendix, Multivariate Linear Regression) on isoprene SOA 
formation (i.e., Isoprene-OA factor). Importantly, we find that SO42- has a statistically 
significant (p<0.0001) positive linear relationship with Isoprene-OA factor with a 
regression coefficient of 0.42 (SI Appendix, Table S2). These results suggest that a 1 g m-
3 increase in SO42- will (on average) increase Isoprene-OA by an estimated 0.42 g m-3, 
when holding the other covariates constant. In contrast, the estimated effects of H2Optcl and 
H+ are not statistically significant, suggesting that particle water and acidity are not the 
limiting parameters in isoprene SOA formation.  
To visualize this important finding, nine scatter plots of H+ vs H2O are generated 
by sorting all data points into nine bins based on a 0.5 g m-3 increment in [SO42-] and 
representing [Isoprene-OA] by the size of data points (Figure 4.3b). These plots are useful 
because they offer a clear view of the effect of one parameter on Isoprene-OA while 
holding the other two covariates constant. We note that in each subplot (similar [SO42-]), 
the data point size ([Isoprene-OA]) appears to be independent of H+(aq) and [H2Optcl], 
indicating that varying H+(aq) or [H2Optcl] under similar [SO42-] causes little change in 
[Isoprene-OA]. In contrast, the data point size ([Isoprene-OA]) tends to increase 
appreciably with increasing [SO42-], indicating that sulfate could greatly mediate isoprene 
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OA formation directly through its abundance. We perform the same analysis on our 
SCAPE datasets where Isoprene-OA factor is identified (SI Appendix, Fig.S6) and arrive 
at the same conclusion that isoprene OA formation over broad regions of the SE US is 
directly controlled by the abundance of sulfate. 
One possible explanation for the remarkable control of isoprene SOA by sulfate 
might be the concerted nucleophilic addition to the IEPOX ring. Both experimental and 
computational studies (Eddingsaas et al., 2010; Piletic et al., 2013) have revealed that this 
step is the rate determining step in OA formation from IEPOX. Thus, an increase in [SO42-
] may effectively facilitate the ring-opening reaction of IEPOX and subsequent OA 
formation, especially the formation of organosulfates (Surratt et al., 2010), which have 
been detected previously in the SE US (Surratt et al., 2008) and could hydrolyze to form 
methyltetrols (Hu et al., 2011) (Figure 4.3a). To a less extent than sulfate, water could also 
react with IEPOX by acting as a nucleophile, which forms methyltetrols (Surratt et al., 
2010). Sulfate may also affect isoprene-OA formation through salting-in effect. Salting-in 
refers to the effect that increasing salt concentration in aqueous solution would increase the 
solubility of polar organic compounds. For example, Kampf et al. (2013) found that the 
effective Henry’s law coefficient of glyoxal increases exponentially with SO42-(aq) until 
glyoxal uptake is kinetically limited. Considering that IEPOX is also highly water soluble 
as glyoxal, sulfate may also cause salting-in effect on IEPOX. Once IEPOX is in the 
particle phase, further reactions such as ring-opening and subsequent nucleophilic attack 
by sulfate prevent the reversible partitioning of IEPOX back to the gas phase. However, no 
systematic study about the salting-in effect of IEPOX uptake is currently available and this 
warrants further study. 
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Our finding that particle acidity does not influence isoprene SOA formation in the 
SE US is striking and contrasts with several previous laboratory and modeling studies, 
which suggested the importance of particle acidity in isoprene SOA formation (Pye et al., 
2013; Surratt et al., 2010). The weak correlation between IEPOX-derived SOA tracers and 
particle acidity has been observed in prior field measurements, but the explanations are 
rather inconclusive (Lin et al., 2013a; Worton et al., 2013). For example, Lin et al. (2013a) 
attributed the weak correlation as SOA not being formed locally and that the particle acidity 
could change as the aerosol is advected to the sampling site from other regions. However, 
isoprene OA measured in Centreville, or the SE US in general, is expected to be formed 
locally (SI Appendix, Backtrajectory Analysis and Fig.S10) owing to regionally abundant 
isoprene emissions in summer time (Pye et al., 2013) and the short lifetime of isoprene 
(~1.4 hour at 25°C assuming [OH] ~ 2*106 molecule cm-3), consistent with our 
observations of similar processes at different sites. Here, we hypothesize that the weak 
influence of particle acidity on isoprene OA is a result of consistently high particle acidity 
in the SE US (Guo et al., 2015). A recent chamber study (Nguyen et al., 2014) showed that 
the reactive partitioning coefficient of IEPOX increases by only 1.5 times as H+(aq) 
increases by many orders of magnitude (in the pH range relevant to our study). Our ambient 
measurements show that the particle pH throughout the SE US is very low (ranging 
between 0 and 2, the average value is 0.94±0.59 for Centreville) (Guo et al., 2015), which 
means that isoprene OA formation is insensitive to H+ in the SE US. Moreover, as the 
isoprene OA formation is limited by nucleophiles instead of catalyst activity (Piletic et al., 
2013; Eddingsaas et al., 2010), increasing particle acidity (within pH range 0-2) may not 
facilitate the isoprene OA formation rate and hence the association between H+(aq) and 
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[Isoprene-OA] is not significant. Therefore, although our analysis does not discount the 
important role of particle acidity in isoprene OA formation via IEPOX uptake, it suggests 
that particle acidity is not the limiting parameter given the acidic nature of aerosol in the 
SE US.  
The weak influence of particle water on isoprene OA formation, which is 
surprising, could be a result of the competition between particle water abundance and 
dilution of ions at high relative humidity typically found in these regions. Increasing 
particle water content would provide more medium for gas-phase water-soluble species to 
dissolve and potentially increase SOA (Carlton and Turpin, 2013); increasing water, 
however, reduces SO42-(aq) (mol L-1 of H2O) by diluting the particle concentration of sulfate. 
This dilution could not only reduce the reaction rate due to lower nucleophile 
concentration, but also suppress IEPOX uptake due to weakening ionic strength and 
salting-in effect. Thus, increasing water could potentially decrease SOA. In Centreville, 
[H2Optcl] reached a daily minimum at about 16:00 local time when SO42-(aq) is highest and 
isoprene is near its maximum (SI Appendix, Fig.S4 and Fig.S7), indicating that the two 
opposing effects of particle water are competing with each other when IEPOX is abundant.  
As particle water content correlates with sulfate, we perform additional multivariate 
linear regression by considering water uptake by organics only (Org-H2O), which is not 
related to sulfate and contributes about 36% of total particle water (Guo et al., 2015), in 
order to deconvolute the interaction between sulfate and particle water on isoprene OA 
formation. In contrast to total particle water, which is not significantly associated with 
Isoprene-OA, Org-H2O shows a significantly positive relationship with Isoprene-OA 
(p=0.002, SI Appendix, Table S2). Even though significant, Org-H2O still does not have a 
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dominant effect on isoprene OA formation as its β-coefficient is 80 times smaller than that 
of sulfate. Further, the contrasting regression results between total particle water vs. Org-
H2O indicate that increasing [H2Optcl] under low particle water levels (i.e., Org-H2O) would 
enhance Isoprene-OA formation. However, under high particle water levels (i.e., total 
particle water), which is typical in the SE US, particle water is not a limiting parameter for 
isoprene-OA formation. 
4.4 Effects of NOx on Less-Oxidized Oxygenated Organic Aerosol 
Similar to the spatial uniformity of the association between Isoprene-OA and 
sulfate during summer, LO-OOA factor shows consistently similar diurnal patterns (SI 
Appendix, Fig.S8) in Centreville and SCAPE datasets at various rural and urban sites, but 
in this case LO-OOA factor is observed throughout the year (Figure 4.2). To determine 
whether LO-OOA is locally produced or from long-range transport, we focus on 
Centreville where auxiliary data are available. Measurements in Centreville are split into 
four subsets based on 72hr back trajectories of air mass geographical origins relative to the 
location of measurement site:  NW, NE, SW, and SE (SI Appendix, Backtrajectory 
Analysis, Fig.S9 and Fig.S10). The diurnal patterns of LO-OOA are similar regardless of 
the origin of the air masses. Combined with similar diurnal patterns at multiple sites 
suggests that the source of LO-OOA is local. As seen in Figure 4.1i, the LO-OOA 
concentration shows a diurnal maximum at night and a minimum at around 17:00. From 
17:00 to sunrise, the LO-OOA concentration increases by nearly four times. This increase 
still exists after the LO-OOA concentration is adjusted by the boundary layer height, 
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indicating that the nighttime increase in LO-OOA is likely caused by nighttime aerosol 
production instead of the nocturnal boundary layer becoming shallow.  
Since the NO3• radical (a product of NOx and ozone reaction) is a well-known 
nocturnal oxidant, we hypothesize that NO3• oxidation of BVOCs contributes to the 
nighttime increase in LO-OOA. Laboratory studies have revealed that organic nitrates 
make up a substantial fraction of the SOA from BVOC+NO3• (Ng et al., 2008; Fry et al., 
2009). To examine the role of organic nitrates in LO-OOA formation, we calculate the 
mass concentration of the nitrate functional groups in organic compounds (NO3,org-) from 
the difference between HR-ToF-AMS measurements (NO3- from both organic and 
inorganic species) and PILS-IC measurements (NO3- from inorganic nitrate only) (SI 
Appendix, Organic Nitrate Estimation). We find a good correlation (R=0.81) between LO-
OOA and NO3,org-, which supports that LO-OOA is most likely related to nighttime NO3• 
chemistry. Further, we calculate that organic nitrates contribute 40-60% of LO-OOA in 
early morning based on the concentration of nitrate functional groups and the assumption 
that the average molecular weight of organic nitrates ranges from 200 to 300 g mol-1 
(Rollins et al., 2012) (SI Appendix, Fig.S11). 
To quantitatively constrain the contribution of NO3• chemistry to LO-OOA, we 
estimate aerosol formation from isoprene, -pinene, and -pinene, which are the most 
abundant biogenic SOA precursors measured in Centreville, via various oxidation 
pathways. We estimate [NO3•] to be about 7.6×10-2 ppt (SI Appendix, [NO3•] estimation) 
with a corresponding lifetime of 8 s. We further calculate that NO3 chemistry at night 
accounts for 17%, 20%, and 38% of the reacted isoprene, -pinene, and -pinene, 
respectively (SI Appendix, Table S4). The contribution of each BVOC and reaction 
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pathway to total nighttime SOA formation would depend on their respective SOA yields 
at mass loadings relevant to Centreville (i.e., ~8 g m-3), which are available in the 
literature (SI Appendix, Table S5  and herein), except for -pinene+NO3•. To this end, we 
performed comprehensive laboratory chamber studies to investigate SOA formation from 
-pinene+NO3• under conditions relevant to Centreville and SE US (SI Appendix, 
Laboratory chamber experiments). The SOA yield is found to be 50%, which is ~17 times 
higher than -pinene SOA yields from ozonolysis and photooxidation for a mass loading 
of ~8 g m-3. This implies that -pinene could still form aerosol in the absence of NO3•, 
although the amount of aerosol formed would be substantially smaller. Based on our -
pinene SOA yields, and yields for other BVOCs via various oxidation pathways from prior 
chamber studies, we calculate that 0.7 g m-3 of SOA would be produced, which agrees 
within a factor of three to the measured nighttime LO-OOA production (1.7 g m-3 from 
17:00 to sunrise).  
According to model estimation, 64% of total nighttime OA production arises from 
the NO3• oxidation pathway (SI Appendix, Table S5 and Fig.S12), which is consistent with 
the estimated contribution of organic nitrates to LO-OOA. For the amount of OA produced 
from NO3• oxidation pathway, 80% originates from monoterpenes, which is much greater 
than the contribution from isoprene (20%) as suggested by our model. Taken together, 
monoterpenes+NO3• chemistry accounts for 50% of total nighttime OA production. The 
large contribution is likely due to the large abundance of monoterpenes at night, which 
exhibit the same diurnal pattern as LO-OOA (SI Appendix, Fig.S4), as well as the high 
SOA yield from β-pinene+NO3• as revealed by our chamber studies. Additionally, the 
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presence of LO-OOA throughout the year in the greater Atlanta area (Figure 4.2) is in 
agreement with the fact that monoterpenes emissions exist in all seasons in the SE US 
(Ding et al., 2008). Therefore, we conclude from our integrated ambient observations and 
laboratory studies that nighttime monoterpenes+NO3• chemistry contributes substantially 
to LO-OOA. 
Our results highlight the important role of BVOC composition in evaluating their 
contribution to ambient OA via NO3• oxidation. A recent study (Rollins et al., 2012) 
observed that high [BVOC] can suppress SOA formation from NO3• oxidation in 
Bakersfield (CA), where NO3• activity is dominated by limonene. The authors attributed 
the suppression to high concentrations of limonene depleting [NO3•], thus inhibiting the 
further oxidation of their first-generation products and subsequent aerosol formation. 
Nevertheless, our study shows that BVOCs+NO3• can still be an important pathway for OA 
production in the SE US. In contrast to limonene, BVOCs like -pinene, whose first-
generation oxidation products are condensable (Fry et al., 2009), could lead to substantial 
nighttime aerosol production.  
4.5 Implications 
We provide direct evidence from ambient measurements to show that 
anthropogenic pollution can greatly mediate SOA formation from biogenic VOCs under 
current conditions in the SE US. Being strongly influenced by the NO3• radical and sulfate, 
LO-OOA (mainly from monoterpenes oxidation by NO3•) and Isoprene-OA (isoprene SOA 
formed via reactive uptake of IEPOX in the presence of hydrated sulfate) account for 19-
34% and 18-36% (May-September only) of OA, respectively, in Centreville and the greater 
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Atlanta area (Figure 4.2). In the SE US, the majority of sulfate (photochemical reactions 
of SO2) and NO3• radical (a product of NOx and ozone reaction) is of anthropogenic origin 
(Carlton et al., 2010). Using measurement at Centreville (SEARCH site) from 2006 to 
2010, we find that the correlation between organic carbon (OC) and sulfate (hourly average 
data) is substantially better in summer (June-August) than winter (December-February) (SI 
Appendix, Fig.S13). As isoprene emission is higher in warmer months, our proposed 
interaction between sulfate and Isoprene-OA provides a possible explanation for the 
seasonal variation in the correlation between OC and sulfate, though we cannot rule out 
other possibilities. In addition, over the past 15 years, the OC at rural SEARCH sites in the 
SE US declined by about 38% as calculated from the trends shown in (Hidy et al., 2014). 
During the same period, the emission of SO2 and NOx have also decreased by about 65% 
and 52%, respectively (Hidy et al., 2014), suggesting that our proposed mechanism about 
anthropogenic emissions mediating biogenic SOA formation contributes in a potentially 
significant way to the decrease in OC. As SO2 and NOx emissions continue to fall, other 
biogenic SOA formation pathways (e.g., isoprene SOA formation in the absence of sulfate 
and monoterpenes SOA from ozonolysis and photooxidation) may become more 
important, though these pathways have relatively lower SOA yields compared to the 
mechanisms discussed in this study (Surratt et al., 2010). The decreasing SO2 and NOx 
emissions may not only reduce the biogenic SOA burden, but also have impacts on climate 
and health. For example, while SOA from IEPOX uptake in the presence of sulfate (i.e., 
Isoprene-OA factor) is found to have the highest hygroscopicity (tendency to absorb water 
vapor) of all OA components (Cerully et al., 2015), biogenic SOA formed under lower 
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sulfate and NOx environments could have substantially different properties than those 
formed in polluted environments and warrants further studies.  
Although isoprene OA formation via IEPOX uptake has been reported in several 
field campaigns, our study performs detailed analyses of particle water, particle acidity, 
and sulfate, and then provides comprehensive assessment to deconvolute their individual 
effects on isoprene OA formation in the atmosphere (Cerully et al., 2015; Guo et al., 2015). 
Our observation in Centreville and the greater Atlanta area shows that it is sulfate, instead 
of particle water and acidity, that controls isoprene OA formation in the SE US during 
summer, though the exact mechanisms of this direct sulfate effect need further 
investigation. The influence of these parameters can vary regionally and globally. 
Therefore, SOA models need to carefully consider the fate of IEPOX and the complexity 
of isoprene OA formation under various atmospheric conditions. Moreover, our results 
reveal that the direct effect of sulfate may complicate the role of particle water in the 
partitioning of water-soluble organics. Finally, these findings emphasize the importance of 
careful calculations of both particle water content and particle acidity when investigating 




     
      
      
     
 
Figure 4.1. (a,c,e,g) Normalized high-resolution mass spectra (colored by the ion type) and 
elemental ratios of the PMF factors. (b,d,f,h) Time series of the PMF factors and tracer 
compounds, along with their correlation coefficient. (i) Diurnal trends of PMF factors with 

















































                

























































	 	 		 	 	 	 	 	 		 	


















    















































                




































































































                










































 	 %	+ %

$%! & ,-  
!
. )/-































































more-oxidized oxygenated OA 
(MO-OOA) 
OM:OC = 2.18, O:C = 0.80 






less-oxidized oxygenated OA 
(LO-OOA) 
OM:OC = 1.74, O:C = 0.46 
H:C = 1.40, N:C = 0.003 
biomass burning OA  
(BBOA) 
OM:OC = 1.74, O:C = 0.46 
H:C = 1.38, N:C = 0.009 
Isoprene-derived OA 
(Isoprene-OA) 
OM:OC = 1.71, O:C = 0.44 





                     
 
                    
 
 
Figure 4.2. Geographical locations and organic aerosol characterization of SOAS and 
SCAPE field campaigns in the southeastern US. The inset shows a detailed map of Atlanta 
(adapted from Google Maps). Abbreviations correspond to Centerville (CTR), Yorkville 
(YRK), Jefferson Street (JST), Georgia Institute of Technology (GT), and Roadside (RS). 
Details about sampling period at each site are listed in Table. S1. Measurement sites are 
classified based on their locations as urban (red star) and rural (green star). The pie charts 
report the source apportionment of organic aerosol. The mass concentrations ± one 
standard deviation of organics and PM1 as measured by HR-ToF-AMS are also reported. 
The identified OA subtypes are: MO-OOA (more-oxidized oxygenated OA), LO-OOA 
(less-oxidized oxygenated OA), Isoprene-OA (isoprene-derived OA), BBOA (biomass 
burning OA), HOA (hydrocarbon-like OA), and COA (cooking OA). Isoprene-OA is only 
identified in the warmer months (from May to September) and LO-OOA is identified at 
various rural and urban sites throughout the year. Isoprene-OA and LO-OOA account for 





























































OA: 5.0±4.0 g/m3 
(PM1: 7.5±5.3 g/m3) 
JST_May 
OA: 9.1±4.3 g/m3 
(PM1: 13.6±5.6 g/m3) 
YRK_July 
OA: 11.2±6.4 g/m3 
(PM1: 16.0±8.3 g/m3) 
YRK_Dec 
OA: 3.2±2.3 g/m3 
(PM1: 6.0±3.8 g/m3) 
JST_Nov 
OA: 7.9±5.1 g/m3 
(PM1: 11.8±6.1 g/m3) 
GT_Aug 
OA: 9.6±4.4 g/m3 
(PM1: 15.2±6.7 g/m3) 
RS_Jan 
OA: 4.7±3.6 g/m3 





Figure 4.3. (a) A simplified mechanism of isoprene SOA formation via reactive uptake of 
IEPOX based on refs. (8) and (25). Only one IEPOX isomer is shown in the figure. 
Compounds colored blue are the parameters we investigate in this study. Compounds 
colored red are two representative species for isoprene SOA. The inset shows a schematic 
explaining the relationship between particle water (H2Optcl), particle acidity (H+), sulfate 
(SO42-), and Isoprene-OA. The direct role of SO42- on isoprene OA formation is colored 
green. The indirect role of SO42- through H2Optcl and/or H+ is colored black. (b) H+(aq) (mol 
L-1 H2O) as a function of [H2Optcl] (μg m-3). All data points are grouped into nine subplots 
based on a 0.5 μg m-3 increment in [SO42-] and the size of data points represents [Isoprene-
OA]. In some cases, a range of H+(aq) is observed for the same [H2Optcl], which is likely due 



































































CHAPTER 5: ENHANCED FORMATION OF ISOPRENE-DERIVED 
ORGANIC AEROSOL IN SULFUR-RICH POWER PLANT PLUMES 
DURING SOUTHEAST NEXUS (SENEX) 
5.1 Background 
 Secondary organic aerosol (SOA), which is formed in the atmosphere via the 
oxidation of volatile organic compounds (VOC), accounts for a large fraction of submicron 
particulate matter globally (Hallquist et al., 2009; Jimenez et al., 2009). In the southeastern 
United States, a large fraction of SOA originates from biogenic VOCs in summer (Weber 
et al., 2007; Spracklen et al., 2011; Liao et al., 2007; Xu et al., 2015b; Xu et al., 2015a). 
However, the SOA formation process is largely mediated by anthropogenic pollutants, such 
as nitrogen oxides (NOx) and aerosol sulfate (Carlton et al., 2010; Xu et al., 2015a; Hoyle 
et al., 2011; Xu et al., 2015b). Long-term measurements (1999-2013) at the Southeastern 
Aerosol Research and Characterization (SEARCH) network have revealed a significant 
decreasing trend in ambient concentrations of sulfur dioxide (SO2) and NOx, which is 
caused by regulations of anthropogenic emissions from power plants and vehicles (Hidy et 
al., 2014), as well as the switch from coal to natural gas in many power plants (de Gouw 
et al., 2014). Meanwhile, the concentration of organic carbon (OC) has also decreased 
significantly in the same region as shown in Hidy et al. (2014). However, the causes for 
the OC reduction were less clear. Blanchard et al. (2015) estimated that about 45% of OC 
in the southeastern United States derives from combustion sources (vehicles and biomass 
burning), which contributes the most to the OC reduction. In addition to the reduction in 
primary OC from combustion sources, secondary OC from biogenic VOCs also likely 
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decreases, due to the reduction in NOx and SO2 and their interactions with biogenic 
emissions. For example, Blanchard et al. (2015) observed an association between OC and 
sulfate based on a statistical analysis of the long-term SEARCH data. The amount of 
sulfate-associated OC accounted for ~25% of average OC concentration from 1999 to 
2013. Also, as shown in Xu et al. (2015b), the correlation between OC and sulfate in the 
SEARCH data is substantially better in summer than in winter. 
One possible explanation for the association between OC and sulfate arises from 
the effect of sulfate on isoprene SOA formation. Globally, isoprene is the single most 
contributing compound to VOC emissions from vegetation (Guenther et al., 2006). 
Laboratory studies have revealed that the isoprene SOA yield is greatly enhanced in the 
presence of sulfate seed particles resulting in acidic aqueous particles (Surratt et al., 2010). 
The enhancement is due to the sulfate induced reactive uptake of isoprene epoxydiols 
(IEPOX), which are isoprene oxidation products from the peroxy radical (RO2) + 
hydroperoxyl radical (HO2) pathway (Paulot et al., 2009b). Isoprene-derived OA factor 
(i.e., isoprene-OA) resolved by positive matrix factorization (PMF) analysis of aerosol 
mass spectrometry data, which is a surrogate for isoprene SOA through IEPOX reactive 
uptake, has been identified at multiple sampling sites (Robinson et al., 2011a; Slowik et 
al., 2011; Budisulistiorini et al., 2013; Hu et al., 2015; Chen et al., 2015; Xu et al., 2015a; 
Xu et al., 2015b). Specifically, PMF analysis of high resolution AMS data showed that 
isoprene-OA accounted for 18-36% of OA in summer in the southeastern United States 
(Xu et al., 2015a; Xu et al., 2015b).  
Based on measurements at multiple sites in the southeastern United States, Xu et 
al. (2015a) showed that isoprene-OA is strongly associated with sulfate, but not associated 
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with particle pH or particle water as suggested by prior laboratory studies. This strong 
correlation between isoprene-OA and sulfate has been repeatedly observed in many studies 
(Budisulistiorini et al., 2015; Hu et al., 2015) and reproduced in a chemical transport model 
(Marais et al., 2015). However, a coherent explanation regarding the relationships between 
isoprene-OA and sulfate, particle pH, and particle water has not emerged. The model 
results by Marais et al. (2015) suggest that the correlation between isoprene-OA and sulfate 
is caused by sulfate’s influence on volume and pH, although the role of particle volume is 
not explicitly discussed and remains unclear. Regarding the repeatedly observed lack of 
correlation between isoprene-OA and particle pH in ambient measurements 
(Budisulistiorini et al., 2015; Xu et al., 2015a), some studies suggested that it is due to that 
isoprene-OA measured at a surface site is affected by transport, during which the particle 
pH can change (Budisulistiorini et al., 2013). However, Budisulistiorini et al. (2015) 
modeled the concentration of IEPOX-derived SOA tracers with good accuracy by using 
local particle pH and particle water at Look Rock, TN, even though the observed isoprene-
SOA did not correlate with local particle pH. In addition, in Xu et al. (2015a), where 
isoprene-OA was largely locally produced at Centreville, AL as indicated by the highly 
reproducible diurnal variation of isoprene-OA regardless of the origin of air masses, 
isoprene-OA is still not correlated with particle pH. Thus, transport may not explain the 
lack of correlation between isoprene-OA and particle pH. Other possible mechanisms of 
sulfate on isoprene-OA formation are through the surface accommodation process (Lin et 
al., 2013a) or nucleophilic effects of sulfate (Xu et al., 2015a).  
In this study, we investigate the mechanisms and kinetics of anthropogenic 
emissions on isoprene SOA formation based on airborne measurements in the southeastern 
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United States, a region with large emissions from both anthropogenic and biogenic sources. 
We sampled downwind from power plants in Georgia. The power plant studies serve as a 
unique perturbation experiment in the atmosphere by injecting anthropogenic emissions 
(NOx and SO2) into isoprene-rich air masses. We use measurements made downwind from 
two power plants with differing SO2 emissions, which provides an opportunity to examine 
the sensitivity of isoprene SOA to varying amounts of particle sulfate in otherwise nearly 
identical ambient conditions. 
5.2 Measurements and Models 
 Measurements were performed as part of the Southeast Nexus (SENEX) campaign 
in June and July, 2013 (Warneke et al., 2016). In the SENEX campaign, the NOAA WP-
3D aircraft flew 20 research flights over the southeastern United States. In the current 
study, we focused on the flight on 16 June, 2013, when the aircraft flew over Georgia. The 
flight track is shown in figure 5.1. We focus our analysis on the measurements at different 
downwind distances of two power plants, Scherer and Harllee Branch, the locations of 
which are shown in figure 5.1. Both Scherer and Harllee Branch are coal-fired power 
plants, but they have different emissions of NOx and SO2. As shown in figure S1, the 
daytime NOx and SO2 emissions of Scherer are only about 1/3 and 1/6 of those of Harllee 
Branch, respectively, which is a result of the installation of different emissions reduction 
equipment in Scherer compared to Harllee Branch according to Continuous Emissions 
Monitoring System (http://www3.epa.gov/ttn/emc/cem.html). The wind direction for this 
flight was constantly from the southwest, resulting in a well-defined plume of emissions 
that was advected to the northeast. We note that there was a biomass burning source located 
106 
 
upwind of the two power plants and the plume from this source advected between the 
power plants. As will be discussed below, portions of this plume mixed with the Scherer 
plume in some transects. The gas-phase chemistry in these plumes is described in a parallel 
paper that focuses on the effect of NOx on oxidation rates and the formation of isoprene 
products such as formaldehyde (de Gouw et al., 2016).  
 A suite of instruments were deployed aboard the aircraft. The instruments of 
interest to our study are summarized in Table S1 and discussed briefly below. A compact 
time-of-flight aerosol mass spectrometer (cToF-AMS) was deployed to measure the 
composition of non-refractory submicron particles (Canagaratna et al., 2007; Bahreini et 
al., 2008; Bahreini et al., 2009). Positive Matrix Factorization (PMF) analysis was 
performed on the organic mass spectra of the whole flight for OA source apportionment 
(supporting information). The collection efficiency (CE) for the AMS data was determined 
according to the composition-dependent algorithm proposed by Middlebrook et al. (2012) 
(figure S2a). We validated the application of composition-dependent CE (CDCE) by 
converting the mass concentrations of non-refractory species (measured by AMS) and 
refractory black carbon (measured by single-particle soot photometer) to volume 
concentration (denoted as composition-based volume) (supporting information). Then we 
compared the composition-based volume with Ultra-High Sensitivity Aerosol Size 
spectrometer (UHSAS) measurements, which reports the particle size distribution in the 
range of 70 – 1000 nm (Brock et al., 2015). As shown in figure S2b, the composition-based 
volume for this flight agrees well with the UHSAS volume (slope = 1.01±0.06). Even in 
the plume where the particle composition changes largely and there is an increase in 
smaller-sized particles, they still show excellent agreement (slope = 0.97±0.04). Depending 
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on the organic aerosol density, the accuracy of the AMS mass relative to the mass 
calculated from the UHSAS for this flight is ±16% (figure S2c).  
 A high-resolution time-of-flight chemical ionization mass spectrometer (HR-
CIMS) using iodide-adducts was deployed to measure a suite of oxygenated volatile 
organic compounds (oVOCs) at high frequency (1 Hz). Detailed working principles and 
sampling protocol can be found in Lee et al. (2014). The instrument is able to elucidate the 
chemical composition of 100’s of molecular ions from the high mass accuracy and 
resolution, but it does not provide structural information nor isomer separation. Among all 
the oVOCs detected by the CIMS, the signal for C5H10O3 species which has contribution 
from two isomers, isoprene hydroxyhydroperoxides (ISOPOOH) and isoprene epoxydiols 
(IEPOX), is of interest to our study.  
 The particle liquid water content (H2Optcl) was calculated based on water uptake by 
both organics and inorganics (Guo et al., 2015) and the measured ambient meteorological 
data (Warneke et al., 2016). The H2Optcl uptake by organics was calculated based on the 
organic concentration (measured by AMS) and hygroscopicity (i.e., κorg) (Petters and 
Kreidenweis, 2007). Considering uncertainties in κorg from previous measurements under 
different saturation states (Brock et al., 2015; Cerully et al., 2015), we performed 
sensitivity tests by varying κorg from 0 to 0.2, which has negligible effects on the 
conclusions. An average value of 0.1 was selected for κorg. The particle-phase H+ and 
H2Optcl uptake by inorganics were predicted using the thermodynamic model ISORROPIA 
II (Fountoukis and Nenes, 2007). In addition to the particle-phase inorganic ions (i.e., 
sulfate, nitrate, ammonium, and chloride measured by AMS), gas-phase HNO3 and NH3 
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measured from the aircraft were also included in the model prediction of H+ and pH 
(Hennigan et al., 2015). The particle-phase pH was calculated by 
+
+
10 H 10 particle
H
pH = -log a  = -log ( ×ρ ×1000)
LMass
  Eq. 5.1 
where H+ and LMass are the mass concentrations of particle hydronium ion and total 
aqueous phase output from ISORROPIA II  (µg sm−3), ρparticle is the particle density (g cm-
3), and aH+ is the H+ activity in the aqueous phase (mol L−1). The modeled HNO3, NH3, and 
particle NH4+ agree within 20% of the measurements (figure S3), which supports the 
accuracy of our pH calculation. The details about the calculation of particle water and 
particle acidity are discussed in the supporting information. 
5.3 Results and Discussion 
5.3.1 Evolution of species downwind of the power plants.  
Plumes from the two power plants, Scherer and Harllee Branch, were each 
intercepted five times at different downwind distances, which allows us to investigate the 
evolution of plume composition, with a focus on organic aerosol. In order to compare the 
species concentration inside and outside the plume, for each intercept, we calculate the 
average plume concentration of a certain species based on 1-minute measurements in the 
center of the plume (defined by peak NO2 concentration) and we calculate the average 
concentration outside the plume based on 2-minute measurements before and after the 
plume intercepts (see figure S4 for details). Figure 5.2 shows the evolution of species of 
interest and figure S5 shows the evolution of auxiliary species. While the SO2 
concentration is enhanced in both plumes compared to outside the plume (figure 5.2a), the 
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enhancement magnitude is larger in the Harllee Branch plume due to larger emissions of 
SO2. The oxidation of SO2 causes the enhancement of sulfate downwind of the power 
plants (figure 5.2b).  Figure 5.2c shows that enhancements in OA are observed at all 
intercepts of the Harllee Branch plume. The largest enhancement occurred at the fourth 
intercept (i.e., 62.8 km downwind of Harllee Branch), where the OA increased by 1.8 µg 
sm-3 after correcting for the particle collection efficiency in AMS. In contrast, the OA was 
only enhanced for the first two intercepts of Scherer plume. Below, we address the causes 
for OA enhancement in both plumes, with a focus on the Harllee Branch plume. 
5.3.2 Reasons for OA enhancement in the plumes 
The OA enhancement for the first two intercepts of Scherer plume is likely caused 
by a biomass burning plume that partly merged with the Scherer plume. Black carbon 
(figure S6) and other tracers for biomass burning (e.g., CO and acetonitrile) are enhanced 
in the first two intercepts of Scherer plume. This biomass burning plume has negligible 
influence on the Harllee Branch as neither black carbon nor acetonitrile is enhanced in the 
Harllee Branch plume (figure S6). 
To examine the reasons for the OA enhancement in the Harllee Branch plume, we 
firstly investigate the composition of OA formed in the plume. For each intercept, we 
subtract the OA mass spectra outside the plume from the OA mass spectra inside the plume 
and then normalize the difference mass spectra to the total difference signal. As shown in 
figure 5.3, the composition of OA formed in the Harllee Branch is distinctly different from 
that outside the plume. Outside the plume, the most prominent signal is m/z 44 (mainly 
CO2+, a tracer for carboxylic acids (Canagaratna et al., 2015; Ng et al., 2010)). Inside the 
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Harllee Branch plumes, we note a substantial signal at m/z 53 and m/z 82, which are 
attributed to isoprene SOA via the reactive uptake of IEPOX (Robinson et al., 2011a; Lin 
et al., 2012; Liu et al., 2015b; Allan et al., 2014). m/z 82 accounts for about 2.1 - 3.5% of 
the OA formed in the Harllee Branch plume. The enhancement of m/z 82 suggests that the 
formation of isoprene SOA contributes to the OA enhancement in the Harllee Branch 
plume. Although the cToF-AMS used in this study cannot separate the ions at m/z 82 
(34SO3+, C4H2O2+, C5H6O+, and C6H10+), the mass resolution is sufficient to indicate that 
the signal at m/z 82 is distinctly not solely due to 34SO3+ or C6H10+. It is likely dominated 
by C5H6O+ based on high resolution AMS data obtained in surface measurements in the 
southeastern United States (Xu et al., 2015a; Xu et al., 2015b).  
 To further investigate the reasons for OA enhancement in the plumes, we perform 
PMF analysis on organic mass spectra for source apportionment. Two OA factors, 
oxygenated OA (OOA) and isoprene-derived OA (isoprene-OA), are resolved for this 
flight. The mass spectra and time series of these two factors are shown in figure 5.4. The 
mass spectrum of OOA is characterized by high f44 (ratio of m/z 44 to total OA signal), 
which indicates that this factor is highly oxidized (Ng et al., 2010). For the entire flight on 
16 June, OOA accounts for 76% of OA on average. The time series of OOA correlates well 
with CO (R = 0.92, figure 5.4b), which is consistent with previous field studies (Sullivan 
et al., 2006; Worton et al., 2011; Bahreini et al., 2009; Weber et al., 2007).  
The mass spectrum of the isoprene-OA factor is characterized by peaks at m/z 53 
and 82 (figure 5.4a). As discussed above, m/z 53 and 82 have been used as a tracer for SOA 
formed via IEPOX reactive uptake based on current knowledge. However, we cannot rule 
out the possibility that this factor also includes contribution from isoprene OA formed via 
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other pathways, or the possibility that isoprene oxidation products other than IEPOX are 
taken up by acidic sulfate particles to generate m/z 53 and 82 (Schwantes et al., 2015). 
Thus, we name the factor as isoprene-OA (Xu et al., 2015a; Xu et al., 2015b). The time 
series of isoprene-OA correlates well with sulfate (R = 0.73), which is consistent with 
surface measurements in the southeastern United States (Xu et al., 2015a; Budisulistiorini 
et al., 2015; Xu et al., 2015b) . Isoprene-OA accounts for 24% of OA on average, with 
enhanced mass fraction in the Harllee Branch plume (figure 5.4c). 
Figure 5.5 shows the vertical profiles of the concentrations and mass fractions of 
OOA and isoprene-OA. The concentrations of both factors are relatively constant from the 
bottom of the profile to 2 km. Above 2 km, their concentrations decrease rapidly with 
altitude. At high altitude (i.e., > 3 km), isoprene-OA concentration falls nearly to 0 and 
OOA dominates the OA (i.e., >90%). The vertical profile of isoprene-OA in this study is 
similar to the vertical profile of IEPOX sulfate ester over the southeastern United States 
(Liao et al., 2015; Froyd et al., 2010) and the vertical profile of isoprene SOA tracer ion 
m/z 82 over the Amazon (Allan et al., 2014) and tropical forest (Robinson et al., 2011a).  
PMF analysis shows that the OA enhancement for the first two intercepts of Scherer 
plume is mainly due to an increase in OOA concentration. This OOA enhancement is likely 
caused by a biomass burning plume that partly merged with the Scherer plume (figure S6). 
A biomass burning OA factor is not resolved from this flight, which is likely caused by 
that the OA from biomass burning is aged and hence may be apportioned OOA factor by 
PMF analysis (Xu et al., 2015b; Grieshop et al., 2009a; Hennigan et al., 2011). It is also 
possible that the contribution from biomass burning OA to total OA is less than 5% so that 
PMF cannot retrieve the biomass burning OA factor (Ulbrich et al., 2009). According to 
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PMF analysis, isoprene-OA is the main reason for the OA enhancement in the Harllee 
Branch plume. As shown in figure 5.2e, isoprene-OA factor is substantially enhanced in 
the Harllee Branch plume, which is consistent with a large increase at signal m/z 82 inside 
the plume (figure 5.3). In contrast, the isoprene-OA factor is not enhanced in the Scherer 
plume.  
5.3.3 Reasons for isoprene-OA enhancement in Harllee Branch plume 
Next, we investigate the possible causes for the isoprene-OA enhancement in the 
Harllee Branch plume. Isoprene is depleted rapidly in the Harllee Branch plume (de Gouw 
et al., 2016). The gas-phase chemistry in these plumes was investigated by de Gouw et al. 
(2016), who concluded that hydroxyl radical (OH) concentrations in both plumes were 
enhanced due to the presence of NOx. The enhancements in OH concentration led to lower 
isoprene concentrations and increased concentration of isoprene products like 
formaldehyde in both plumes. Nevertheless, the oxidation of isoprene inside the Harllee 
Branch plume is unlikely the reason for the isoprene-OA enhancement. This is because of 
the high concentration of NOx in the plume, which dominates the fate of RO2 and inhibits 
the formation of IEPOX via the RO2+HO2 pathway (supporting information). Although 
Jacobs et al. (2014) showed that the RO2+NO pathway could also produce IEPOX, the 
IEPOX yield from that reaction is very small. For example, the largest reduction in isoprene 
observed in the third intercept of the Harllee Branch plume (i.e., ~1 ppb) would produce 
only 0.01 ppb IEPOX (~0.03 µg/m3), which is too low to explain the magnitude of 
isoprene-OA enhancement. In addition, formaldehyde (HCHO), a product of isoprene 
oxidation via fragmentation (Paulot et al., 2009a), is enhanced in the plume, which is likely 
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due to enhanced OH concentration and NO dominating the fate of RO2 in the plume (de 
Gouw et al., 2016; Wolfe et al., 2015). Thus, based on current understanding on IEPOX 
formation mechanisms, it is unlikely that enhanced isoprene oxidation in the plume can 
produce enough IEPOX to explain the magnitude of isoprene-OA enhancement.  
Background IEPOX, rather than IEPOX produced in the plume, likely dominated 
the isoprene-OA enhancement when it interacted with the sulfate-rich power plant plume. 
We perform a rough mass closure analysis to demonstrate that the reactive uptake of 
already-existing IEPOX in the atmosphere could explain the isoprene-OA enhancement in 
the plume. Since IEPOX and ISOPOOH were measured as the same cluster ion at m/z 245 
(C5H10O3I-) by I- CIMS in this study, we apply a previously measured IEPOX/ISOPOOH 
concentration ratio to estimate IEPOX from the C5H10O3I- signal using Eq. 5.2 
5 10 3C H O I  signal = [IEPOX] IEPOX sensitivity + [ISOPOOH] ISOPOOH sensitivity
    Eq. 5.2 
In Eq. 5.2, C5H10O3I- signal (in unit of counts per second, cps) is measured by I- CIMS in 
this study. The HR-CIMS sensitivities to IEPOX and ISOPOOH are 0.39 and 3.32 (cps 
ppt-1), respectively. [IEPOX] and [ISOPOOH] are the concentration of IEPOX and 
ISOPOOH (ppt), respectively, which are to be determined. The IEPOX/ISOPOOH 
concentration ratio is estimated to be 1.04±0.54 (average ± 1 standard deviation), based on 
the IEPOX and ISOPOOH measurements by a triple quadrupole CIMS during the 
Southeastern Oxidant and Aerosol Study (SOAS) and the Studies of Emissions and 
Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys 
(SEAC4RS), which occurred over a similar region of the southeastern United States a few 
months after the SENEX project. After applying the estimated IEPOX/ISOPOOH 
concentration ratio to Eq. 5.2 and propagating uncertainties, we estimate that the IEPOX 
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concentration is about 750±546 ppt outside the Harllee Branch plume. Details about the 
estimation can be found in the supporting information. Then, assuming that all the IEPOX 
is taken up by the acidic particles in the plume and assuming a SOA yield of 20% from 
IEPOX reactive uptake (Riedel et al., 2015), the IEPOX reactive uptake would produce 
about 0.7±0.51 µg sm-3 SOA, which is similar to the observed isoprene-OA enhancements 
in the plume (about 1 µg sm-3 in figure 5.2e). Despite large uncertainties in estimating 
IEPOX concentration, SOA yield, and IEPOX fate in the plume, this analysis demonstrates 
that the isoprene-OA enhancement in the plume could be explained by reactive uptake of 
IEPOX.  
5.3.4 Parameterization of IEPOX heterogeneous reactions 
To quantitatively support our argument that IEPOX reactive uptake process is fast 
and contributes to the OA enhancement in the Harllee Branch plume, we calculate the 
pseudo-first-order heterogeneous reaction rate constant for IEPOX reactive uptake (khet, s-
1). The khet can be calculated by following Eq. 5.3, neglecting the gas phase diffusion which 







       Eq. 5.3 
In Eq. 5.3, γ is the uptake coefficient of IEPOX, ν is the mean molecular speed of IEPOX 
(231 m s-1 at 298 K), and Sa is the surface area of wet particles at ambient RH, which is 
calculated from the measured dry particle size distribution and κ-Köhler theory (supporting 
information). γ is parameterized based on a resistor model, which includes the mass 
accommodation at the surface (i.e., the first term in Eq. 5.4) and aqueous-phase diffusion 
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In Eqs. (4)-(7), the mass accommodation coefficient, α, is estimated to be 0.1 by Gaston et 
al. (2014); the diffusivity of IEPOX in the aqueous phase, Da, is estimated to be 10-9 m2 s-
1 by Gharagheizi et al. (2011); rp is the effective particle radius. The pseudo-first-order 
aqueous-phase rate constant, kaq, is based on an acid-catalyzed ring-opening A-2 
mechanism (Eddingsaas et al., 2010). [nuc] and [acid] represent the molarity (mol L-1) of 
nucleophiles (SO42- and H2O) and acids (HSO4- and H+), respectively. ki,j are the reaction 
rate coefficients between IEPOX and nucleophiles (H2O and SO42-). We applied the values 
of ki,j from Riedel et al. (2016), who estimated the ki,j values using a box model with 
experimental constraints. HIEPOX is the Henry’s Law coefficient of IEPOX. There are large 
uncertainties in many model parameters. For example, the HIEPOX, which has been 
determined by model calculations and laboratory measurements, spans two orders of 
magnitude (Chan et al., 2010b; Eddingsaas et al., 2010; Gaston et al., 2014; Nguyen et al., 
2014; Pye et al., 2013). Here, we apply the values of 3×107 and 1.7×108 M atm-1 based on 
measurements by Nguyen et al. (2014) and Gaston et al. (2014) for a sensitivity analysis. 
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All the values of the parameters used in the calculation are summarized in Table S2. The 
parameterization is illustrated in figure 5.6. kaq describes the IEPOX aqueous-phase 
reaction rate constant; γ evaluates the probability of gas-particle collisions that leads to 
reaction; khet describes the overall heterogeneous reaction rate constant of IEPOX, which 
includes two steps, IEPOX uptake to particles and subsequent aqueous-phase reactions.  
In addition to the pseudo-first-order heterogeneous reaction rate constant for 
IEPOX reactive uptake (i.e., khet), we also calculate the pseudo-first-order oxidation rate 
constant for IEPOX by OH radical (i.e., kox, s-1). kox is estimated by the product of OH 
concentration and the rate coefficient for the reaction of IEPOX and OH (kOH+IEPOX) (Eq. 
5.8). The OH concentration in the power plant plumes is estimated by a Lagrangian plume 
dispersion model with photochemistry (Sillman, 2000; Brock et al., 2002; Wert et al., 
2003). There are two measured kOH+IEPOX values in the literature (i.e., 1.51×10-11 and 
3.52×10-11 cm3 molecule-1 s-1 at 298K in Bates et al. (2014) and Jacobs et al. (2013), 
respectively), both of which are applied in this study for a sensitivity analysis.  
[ ]ox IEPOX OHk k OH       Eq. 5.8 
Figure 5.7 shows the calculated khet and kox for each intercept. In the Harllee Branch 
plume, the khet is greater than 1.4×10-3 s-1, which corresponds to an IEPOX lifetime shorter 
than 12 min (figure S7), suggesting the heterogeneous reaction is very fast. Also, the 
IEPOX heterogeneous reaction rate is 3-10 times faster than its gas phase oxidation rate, 
which indicates that the heterogeneous reaction is the major fate of IEPOX in the Harllee 
Branch plumes. Compared to Harllee Branch, the heterogeneous reaction rate is slower in 
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Scherer, which is essentially caused by the smaller enhancement of sulfate in the Scherer 
plume. In Scherer, the IEPOX gas phase oxidation rate is comparable with its 
heterogeneous reaction rate (figure 5.7), which implies that a portion of IEPOX may 
undergo OH oxidation, instead of heterogeneous reaction. This may explain the lack of 
isoprene-OA enhancement in Scherer.  
5.3.5 Roles of sulfate on isoprene-OA formation 
The rapid heterogeneous reaction of IEPOX is a result of sulfate enhancements in 
the Harllee Branch plume, which is consistent with the finding that sulfate plays an 
important role in isoprene-OA formation in Xu et al. (2015a). As shown in figure 5.2b, the 
sulfate concentration is enhanced in the Harllee Branch plume by a factor of 2 – 5 compared 
to outside the plume, which is caused by the oxidation of SO2. As a consequence of the 
sulfate enhancement, particle acidity, particle water, and particle surface area in the plume 
are increased and correlated with each other (figure 5.2). All these changes facilitate the 
IEPOX heterogeneous reaction. However, since these changes occur simultaneously, the 
separate effects (i.e., nucleophile vs. acid catalyst vs. uptake medium) are difficult to 
quantify. As shown in Eq. 5.3 and figure 5.6, khet is proportional to both surface area and γ 
(which is affected by particle acidity). The relative importance of surface area and particle 
acidity on khet will be systematically assessed below.  
Firstly, we find that the nucleophilic effect of SO42- is likely small. Although the 
absolute amount of SO42- concentration in air (i.e., [SO42-], [] indicates unit µg m-3 air) 
increases in the plume (figure S8e), its aqueous-phase concentration (i.e., SO42-(aq), (aq) 
indicates unit mol L-1) is not enhanced in the plume (figure S8f). This is because for the 
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same RH, higher [SO42-] leads to higher [H2Optcl], which dilutes the aqueous phase SO42- 
concentration and limits SO42-(aq) enhancement. This suggests that the SO42- nucleophilic 
effect is not likely the reason for the isoprene-OA enhancement in the plumes. We note 
that the SO42-(aq) in the third Harllee Branch plume intercept is lower in the plume compared 
to outside. This is because the low particle pH in this intercept shifts the SO42--HSO4- 
equilibrium towards HSO4-, which results in lower SO42- (aq) and higher HSO4-(aq) (figure 
S8).  
Particle acidity (i.e., H+(aq)) could affect khet by influencing the IEPOX aqueous-
phase reactions (kaq) and hence γ (Eq. 5.7 and 5.4, respectively). In order to test the 
magnitude of this effect in the Harllee Branch plume, we first calculate khet by using all the 
species concentration outside the plume (denoted as khet,out) and khet by using all the species 
concentration inside the plume (denoted as khet,in). We then calculate a new khet by using 
all the species concentration outside the plume but replacing only H+(aq) with the 
concentration inside the plume (denoted as khet,H+). By comparing the values of these 
different khet, we can evaluate the effect of changing particle acidity alone on khet. Figure 
5.8 shows that khet,H+ is larger than khet,out, suggesting that increasing particle acidity 
contributes to khet enhancement in the Harllee Branch plume. However, comparing khet,H+ 
with khet,in shows that khet,H+ accounts for 40-65% or 42-66% of khet,in using an HIEPOX value 
of 3.0×107 or 1.7×108 M atm-1, respectively. This suggests that increasing particle acidity 
alone does not fully explain the enhanced magnitude of khet in the plume according to the 
model.  
Enhanced particle surface area also contributes to enhanced khet in the Harllee 
Branch plume. Unlike particle acidity which affects khet by influencing aqueous-phase 
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reactions, particle surface area affects khet by influencing the gas-particle collision 
frequency and hence the amount of IEPOX uptake to particles. Figure 5.8 shows that khet,SA 
(calculated in the similar way as khet,H+ discussed above) accounts for 30-51% or 70-80% 
of khet,in using an HIEPOX value of 3.0×107 or 1.7×108 M atm-1, implying that increasing 
particle surface area alone could possibly explain a large fraction of enhanced khet in the 
plume.  
Despite the uncertainties in HIEPOX, it is clear that sulfate enhances isoprene-OA 
formation in the Harllee Branch plume due to both enhanced particle surface area (i.e., 
IEPOX uptake to particles) and particle acidity (i.e., aqueous-phase reactions).  
5.3.6 Insights into the relationships between isoprene-OA, sulfate, particle acidity and 
water. 
 Xu et al. (2015a) observed a strong association between isoprene-OA and sulfate 
but a lack of correlation between isoprene-OA and particle water and acidity. Other studies 
have reported similar relationships (Worton et al., 2013; Budisulistiorini et al., 2015; Lin 
et al., 2013a). The reason for these observations may arise from the competition between 
IEPOX uptake to particles and subsequent aqueous-phase reactions (summarized in Table 
5.1 and figure 5.6). Regarding the sulfate, its increase will not only enhance the aqueous-
phase reaction but also enhance IEPOX uptake rate to particles as the case in Harllee 
Branch. Therefore, the overall IEPOX heterogeneous reaction rate is enhanced and the 
correlation between isoprene-OA and sulfate is expected. Increasing other factors (such as 
particle acidity and particle water), however, may only affect one aspect of khet or have 
trade-off effects on khet. 
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Table 5.1. The effects of increasing H+ (µg/m3), particle water (µg/m3), or sulfate (µg/m3) 
on khet while holding the other covariates constant. 





Overall effect on khet 
[sulfate] 
H+(aq) increases.             
Surface area increases. 
increase increase always increase 
[H+] H+(aq) increases no change increase 
may be small when kaq 
is sufficiently large 
[H2Optcl] 
H+(aq) and SO42-(aq) decrease. 
Surface area increases. 
increase decrease may offset 
 
Increasing particle acidity will increase the aqueous-phase reaction rate constant 
(i.e., kaq) and hence γ. Laboratory studies by Gaston et al. (2014) showed that particle 
acidity has the strongest effect on γ. It is important to note that γ only evaluates the 
probability of gas-particle collisions that lead to reaction, but the IEPOX heterogeneous 
reaction lifetime (i.e., 1/khet) and isoprene-OA concentration depend not only on γ but also 
on the particle surface area (Eq. 5.3). If the aqueous-phase reaction is sufficiently fast, γ 
saturates at the mass accommodation coefficient and the overall heterogeneous rate 
constant (i.e., khet) is limited by particle surface area. Thus, increasing particle acidity may 
not increase the amount of isoprene-OA.  
The observed lack of correlation between [H2Optcl] and isoprene-OA, even when 
other covariates are held constant, may be due to the trade-off effects of particle water on 
khet. Higher [H2Optcl] increases particle surface area to potentially enhance IEPOX uptake. 
However, higher [H2Optcl] also dilutes the aqueous-phase concentration of compounds (i.e., 
H+(aq), SO42-(aq), HSO4-(aq)), which decreases the aqueous-phase reaction rate constant (i.e., 
kaq). To quantitatively evaluate the effects of particle water, we calculate the khet by only 
changing [H2Optcl] and holding other covariates constant and similar to values measured at 
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the Centreville, Alabama during SOAS (supporting information). As shown in figure 5.9, 
increasing [H2Optcl] dilutes particle phase concentrations which decreases γ, consistent with 
laboratory studies by Nguyen et al. (2014) and Gaston et al. (2014). We note that the effect 
of [H2Optcl] on khet is affected by HIEPOX value. The khet is insensitive to change in [H2Optcl] 
if an HIEPOX value of 3.0×107 M atm-1 is used, which is due to the increase in surface area 
compensating the decrease in γ; however, khet increases with [H2Optcl] if an HIEPOX value of 
1.7×108 M atm-1 is used. Nevertheless, this analysis quantitatively shows that the opposing 
effects of particle water could potentially explain the lack of association between [H2Optcl] 
and isoprene-OA. Regarding the role of particle water on SOA formation, Carlton and 
Turpin (2013) used a photochemical transport model and showed that the particle water 
largely controls the partitioning of water-soluble gas and subsequent SOA formation by 
providing partitioning medium in the southeastern US. However, since the dilution effect 
was not considered in Carlton and Turpin (2013), the role of particle water may be 
overestimated. 
These competing effects may explain the observed relationships between isoprene-
OA and different factors in previous studies. We note that the parameter values in the 
IEPOX heterogeneous reaction parameterization are uncertain (such as α, HIEPOX, and ki,j’s 
in Eq. 5.4-5.7), which highly limits quantitative understanding of the role of each factor. 
Further studies that constrain these parameters will improve predictions of isoprene OA. 
5.4 Implications 
Although the rapid reactive uptake of IEPOX to acidic particles has been observed 
in laboratory studies (Gaston et al., 2014; Surratt et al., 2010; Liu et al., 2015b), we report, 
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for the first time, the rapid isoprene-OA formation via the IEPOX reactive uptake based on 
ambient measurements. We show that the sulfate, which is an oxidation product of SO2 
emitted from power plants, can enhance IEPOX uptake and facilitate the subsequent SOA 
formation, because sulfate enhances both IEPOX uptake to particles (i.e., through particle 
surface area) and aqueous-phase reactions (i.e., through particle acidity).  
Airborne measurements of power plant plumes provide an opportunity to elucidate 
the magnitude of sulfate influence on isoprene-OA formation. As the isoprene-OA was 
formed rapidly in the plumes that were sampled shortly after emission, we avoid challenges 
encountered in the interpretation of surface measurements, such as long-range transport 
and chemical aging of aerosol. For the Harllee Branch plume, we find that 1 µg sm-3 
decrease in sulfate is associated with 0.23±0.08 µg sm-3 decrease in isoprene-OA (figure 
5.10). The uncertainty is estimated by propagating the uncertainties of the linear correlation 
(26%), AMS measurement on this flight (18%), and isoprene-OA concentration from PMF 
analysis (13% by bootstrapping runs (Ulbrich et al., 2009)). The magnitude of the sulfate 
effect on isoprene-OA formation observed here is consistent with Blanchard et al. (2015), 
who estimated that the future decrease in sulfate concentration by 1 µg m-3 would reduce 
OA concentration by 0.2 to 0.35 µg m-3 (assuming OA/OC = 1.4) based on statistical 
analysis on 14 years of data collected at multiple sites in the southeastern United States. 
The magnitude in our study is also similar to Xu et al. (2015a), who reported that 1 µg m-
3 decrease in sulfate would lead to 0.42 µg m-3 reduction of isoprene-OA at the ground site 
of the SOAS. However, it is important to note that the magnitude of sulfate on isoprene-
OA reported in this study (i.e., 0.23 µg sm-3) depends on the OH level. Plume OH is 
enhanced and reacts with IEPOX, which competes with IEPOX heterogeneous reaction. 
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For example, while the sulfate concentration is enhanced in the Scherer plume (though 
weaker than Harllee Branch), the isoprene-OA is not enhanced, which is likely due to gas 
phase OH oxidation of IEPOX competing with IEPOX heterogeneous reaction.  
The contrast in isoprene-OA concentration evolution between Harllee Branch 
(representative of older, inefficient, high NOx and SO2 emitting coal plants) and Scherer 
(representative of modern, more-efficient, lower NOx and SO2 emitting coal plants) shows 
one benefit to air quality by implementing the emission control system and subsequent 
reducing SO2 emission. This benefit should be considered in the perspective of the 
environmental impacts of electric power generation (de Gouw et al., 2014). Hidy et al. 
(2014) showed that sulfate concentration in the southeastern United States has reduced by 
~3 µg m-3 (average of all SEARCH sites) in summer during the past 15 years. This sulfate 
reduction could cause ~0.7 µg m-3 reduction in OA by applying the magnitude of sulfate 
effect on isoprene-OA obtained from this study. Considering that OA decreases by 2.8 µg 
m-3 (average of all SEARCH sites and assuming OA/OC ratio of 1.4) (Hidy et al., 2014), 
~25% of the OA reduction could arise from the sulfate control over isoprene-OA formation. 
However, this estimation serves as an upper bound because the IEPOX concentration is 
expected to be lower in the past than the present, considering that ambient NOx levels were 
substantially higher in the past and likely dominated the fate of RO2. In the future, as the 
NOx concentration is expected to keep decreasing due to emission regulations (Pye et al., 
2015), the formation of IEPOX would be enhanced and could potentially increase the 





Figure 5.1. Flight track of the NOAA WP-3D aircraft presented in this study. The flight 
track is colored by SO2 concentration. The direction of arrows represents wind direction 
and the length of arrow is proportional to wind speed. The power plants are marked in the 
figure and sized by its SO2 emission. The two power plants of interest to this study, Scherer 







































    
 
  
Figure 5.2. Evolution of (a) SO2, (b) sulfate, (c) organics, (d) oxygenated organic aerosol 
(OOA), (e) isoprene-derived organic aerosol (isoprene-OA), (f) particle water, and (g) 
particle pH. The error bars represent the standard error. The error bars of some data points 
are smaller than the symbol size of the data points. Details about the particle water and pH 
calculation can be found in the supporting information. The sulfate concentration reported 
here is measured by AMS, which include both SO42- and HSO4-. The ISORROPIA 








































































































































































Figure 5.3. Left panels: normalized mass spectra of OA outside the Harllee Branch plume. 
Right panels: normalized mass spectra of OA formed inside the Harllee Branch plume, 
which are calculated by subtracting the OA mass spectra outside the plume from that inside 











































































































Figure 5.4. (a) Mass spectra, (b) time series, and (c) mass fractions of OA factors resolved 
from PMF analysis on the whole flight. The time series of corresponding external tracers 
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Figure 5.5. Vertical profile of (a) concentration and (b) mass fraction of OOA and isoprene-
OA. The data are grouped based on 500m increment in altitude. The error bars represent 














































Figure 5.6. A schematic representation of the processes involved in the heterogeneous 
















Figure 5.7. The pseudo-first-order reaction rate constants of IEPOX with respect to 
heterogeneous reaction and OH oxidation. Henry’s law constants of IEPOX (HIEPOX, in the 
unit of M atm-1) are from Nguyen et al. (2014) and Gaston et al. (2014). The rate 
coefficients for the reaction of IEPOX and OH (kIEPOX+OH, in unit of cm3 molecule-1 s-1) are 
from Bates et al. (2014) and Jacobs et al (2013). The lifetime of IEPOX with respect to 



























































Figure 5.8. The pseudo-first-order heterogeneous reaction rate constant of IEPOX (khet) 
inside and outside the plume. khet,X is calculated by using species concentrations outside 
the plume but only substituting the concentration of species X (X = H+, SO42-, HSO4-, and 
SA) with the value inside the plume. Different HIEPOX values (M atm-1) are used in panel 
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Figure 5.9. The effect of H2O (µg/m3) on particle pH, kaq, γ, surface area, and khet while 
holding the other covariates (sulfate and H+) constant. Different HIEPOX values (in unit of 
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Figure 5.10. Scatter plot of the isoprene-OA enhancement (delta_isopOA) and the sulfate 
enhancement (delta_SO4) in the Harllee Branch plume. The “delta” = concentration inside 
the plume - the average concentration of before and after the plume. The data points are 
labeled by the intercept number of Harllee Branch plume. The Intercept and slope are 
obtained by the orthogonal distance regression. The Pearson’s R is from the linear least-
square fitting. The dashed lines represent the 95% confidence level of orthogonal distance 
regression. The data from the third transect of Harllee Branch plume are not included in 
the fitting. The reason that the third transect of Harllee Branch plume does not follow the 
linear trend is not clear, but may be due to differing background IEPOX concentration 















































5 Intercept = -0.04 ± 0.21




CHAPTER 6: SUMMARY AND FUTURE WORKS 
6.1 Summary of major findings 
6.1.1 Sources and spatial distribution of OA in the southeastern US 
Nearly one-year of measurements were performed across multiple sites in the 
southeastern US with a variety of online instruments, with the focus on HR-ToF-AMS data 
in this study. We find that organics are the dominant components of the NR-PM1 at 
both rural and urban sites throughout the year. The OA diurnal profile shows little 
variation in summer and peaks at night in winter datasets. The lack of midday enhancement 
in OA diurnal profile is likely caused by the expansion of boundary layer in the day and 
compensating effects of various OA factors. Sulfate contributes the second highest to NR-
PM1. Sulfate concentration is higher in summer (3.0 to 4.0 µg m-3) than winter (1.4 to 1.7 
µg m-3), probably due to stronger photochemistry in summer. In contrast to sulfate, the 
inorganic nitrate concentration is estimated to be three times higher in winter than summer. 
This is likely caused by higher NOx levels in winter, which serves as the source for 
inorganic nitrates and the semi-volatile nature of inorganic nitrates, which tend to partitions 
into the particle phase when the temperature is low.  
 Positive Matrix Factorization (PMF) analysis revealed that the organic aerosol has 
various sources in the southeastern US, which changes between seasons and sampling 
sites (rural vs urban). Hydrocarbon-like organic aerosol (HOA) and cooking organic 
aerosol (COA), which arise from primary vehicle emissions and cooking, respectively, are 
important but not dominant OA sources for urban sites. Biomass burning OA (BBOA) 
concentration shows clear enhancements in winter compared to summer. In addition, 
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biomass burning is found to be an important, but not exclusive, source for brown carbon in 
the southeastern US. Isoprene-derived OA (Isoprene-OA), which is from the reactive 
uptake of isoprene epoxydiols in the presence of hydrated sulfate, only exists in warmer 
months (May-August) when isoprene emissions are substantial. Less-oxidized oxygenated 
OA (LO-OOA) and more-oxidized oxygenated OA (MO-OOA) are resolved from both 
rural and urban sites throughout the year. LO-OOA shows improved correlation with 
estimated “nitrate functionality from organic nitrates” (i.e., NO3,org) than total nitrates. In 
addition, both LO-OOA and estimated NO3,org peaks at night, implying that LO-OOA could 
arise from nighttime oxidation of biogenic VOCs by nitrate radicals. Unlike isoprene, 
monoterpene emissions occur year-around and continue into the night. The prevalence of 
the LO-OOA factor at all sites year-around points to the important contribution of 
monoterpene SOA to the total OA budget in the southeastern US. As the most oxidized 
OA factor, MO-OOA reaches a daily maximum in the afternoon and likely contains aged 
OA from various sources, such as vehicle emission, biomass burning, and aged OA from 
biogenic VOCs. We find that the correlation between MO-OOA and ozone is substantially 
better in summer than winter, suggesting that the sources of MO-OOA might vary with 
season.  
In order to estimate the particulate organic nitrate contribution to OA, we applied 
and evaluated three methods, i.e, NOx+ ratio method, PMF method, and AMS-IC method. 
Despite the uncertainty of the NOx+ ratio method (i.e., the values of RON and RAN) and the 
PMF method (i.e., the separation of pure NIA factor), both methods provide reasonable 
results in separating the measured total nitrates into nitrate functionality from inorganic 
and organic nitrates. The “nitrate functionality from organic nitrates” (i.e., NO3,org) 
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accounts for about 63–100% and 10-20% of total measured nitrate (i.e., NO3,meas) in 
summer and winter, respectively. Further, we estimate the contribution of organic nitrates 
to total OA based on estimated NO3,org and assumed molecular weight of bulk organic 
nitrates. Depending on location, season and estimation method, particulate organic 
nitrates account for about 5-25% of total OA, which indicates that organic nitrates are 
important components in the ambient aerosol. 
 The spatial distribution of OA is investigated by comparing ACSM measurements 
(stationary at the Georgia Tech site) and HR-ToF-AMS measurements (rotating among 
different sites). In summer, OA is spatially homogeneous as suggested by the good 
correlation (R=0.92) in July between the GT and YRK sites, which are 70km apart. The 
spatial homogeneity of OA in summer is likely caused by SOA being the dominant source 
of OA for both urban and rural sites. The parameters such as temperature, solar radiation, 
and precursor VOCs, which have great influences on SOA formation, are similar between 
urban and rural sites. Compared to summer, the OA is less spatially homogenous in 
winter. The correlation coefficient of OA between GT and YRK decreases to 0.66 in 
winter. This is likely due to the elevated contribution from POA to total OA in winter and 
the spatially inhomogeneous distribution of POA. Meteorology also plays a role in the OA 
spatial distribution, but alone is unlikely to explain the observation.  
 We show that short-term and extensive measurements can help interpret long-
term basic measurements. For example, consistent with long-term (1999 – 2013) OC 
measurements from the SEARCH network, we also observed that the seasonal variation of 
OA has some urban and rural contrasts. While the OA concentration is similar between 
summer and winter for the urban JST site, it increases by a factor of 4 from winter to 
137 
 
summer for the rural YRK site, according to our year-long observations. PMF analysis 
suggests that the different OA seasonality between urban and rural sites is likely due to the 
varying strength of OA sources. For rural sites, SOA represents the dominant fraction of 
OA in both summer and winter, but SOA concentration is much lower in winter. For urban 
sites, in contrast, the decrease in SOA concentration in winter is compensated by the 
increase in POA concentration due to less dispersion from lower boundary layer heights, 
leading to a relatively constant total OA concentration compared to summer. In addition, 
analysis of long-term OC and sulfate measurements from the SEARCH network shows that 
the correlation between OC and sulfate is substantially better in summer than winter, 
consistent with our source apportionment results that show the majority of OA is secondary 
in summer. The better correlation of OC and sulfate in summer also supports that sulfate 
directly mediates the formation of isoprene SOA, which is only present in warmer months. 
6.1.2 Effects of NOx on the volatility of secondary organic aerosol from isoprene 
photooxidation 
Previous experiments have been performed under extreme NOx conditions by the 
selective use of OH precursors to saturate the system with either NO/NOx (“high-NOx” 
condition) or HO2 radicals (“low-NOx” condition) (Kroll and Seinfeld, 2008). While “high-
NOx” and “low-NOx” have traditionally been used to describe photochemical conditions, 
these terms may not adequately describe the complexity of the reaction pathways. 
Recently, Wennberg (2013) suggested that instead of characterizing reaction conditions as 
either high or low NOx, one should explicitly specify the fate of RO2 radicals. In this study, 
we investigate the different roles of NO and NO2 in SOA formation, dynamic changes 
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between NO and NO2, and competitive chemistry of RO2 among various pathways 
and their effects on aerosol composition and volatility. We find that SOA volatility is 
sensitive to NOx and varies with NOx level in a non-linear manner. Depending on the 
NOx level and reaction pathways of peroxy radicals, the SOA formed in mixed experiments 
could be of similar or lower volatility compared to that formed in HO2-dominant 
experiments. This observation might help to reconcile the seemingly contradictory 
observations of the NOx effect on isoprene SOA volatility reported in previous literature 
studies. While King et al. (2010) observed that isoprene SOA volatility was not affected 
by NOx, Kleindienst et al. (2009) reported that isoprene SOA formed in the presence of 
NOx was less volatile. It is noted that different NOx levels were investigated in these two 
studies. The NOx/isoprene ratio was maintained at 0.76 in King et al. (2010), so that 
RO2+NO reaction was relatively more competitive throughout their experiment. However, 
in Kleindienst et al. (2009), it appears that 2-31% of isoprene was still present by the time 
NO had reacted completely. It is possible that difference between these two studies is a 
result of reactions occurring at different NO/isoprene ratios. In addition to volatility, 
isoprene SOA yield and oxidation state also exhibit a non-linear dependence on NOx 
levels. Current regional and global atmospheric SOA models treat the effects of NOx on 
SOA properties as a linear combination of SOA formation under two extremes (“low-NOx” 
and “high-NOx” conditions) (Presto and Donahue, 2006; Pye et al., 2010).  From the time 
dependent growth curves, it is clear that there is a vertical section at the end of the mixed 
experiments, indicating the presence of different rate determining steps in SOA formation 
and/or the enhancement of higher-generation oxidation chemistry when RO2 reacts through 
various pathways. Taken together, it is evident from the present work and previous studies 
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that the nonlinear effects of NOx on SOA formation need to be included in the next 
generation of models in order to accurately predict the dynamics of SOA formation and 
composition in ambient environments where the fate of RO2 varies considerably. 
 It has been argued previously that the discrepancies between laboratory and 
ambient SOA could arise from limited oxidation aging in laboratory experiments. This 
study reveals that SOA aging in laboratory chamber studies is highly dependent on 
NOx levels. SOA formed in HO2-dominant experiments become more oxidized and less 
volatile as oxidation progresses. On the contrary, the composition of SOA in mixed 
experiments does not change substantially over time. Therefore, NOx effects need to be 
taken into account in future laboratory aging studies. 
6.1.3 Effects of Anthropogenic Emissions on Aerosol Formation from Isoprene and 
Monoterpenes in the Southeastern United States 
We present direct observational evidence on the magnitude of anthropogenic 
influence on biogenic SOA formation based on comprehensive ambient 
measurements in the southeastern United States (US). Multiple high-time-resolution 
mass spectrometry organic aerosol measurements were obtained during different seasons 
at various locations, including urban and rural sites in the greater Atlanta area and 
Centreville in rural Alabama. Our results provide a quantitative understanding of the roles 
of anthropogenic SO2 and NOx in ambient SOA formation. We show that isoprene-
derived SOA is directly mediated by the abundance of sulfate, instead of the particle 
water content and/or particle acidity as suggested by prior laboratory studies. 
Anthropogenic NOx is shown to enhance nighttime SOA formation via nitrate radical 
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oxidation of monoterpenes, resulting in the formation of condensable organic nitrates. 
Together, anthropogenic sulfate and NOx can mediate 43-70% of total measured OA 
(29-49% of total PM1) in the southeastern US during summer.  
 Over the past 15 years, the OC at rural SEARCH sites in the SE US declined by 
about 38% as calculated from the trends shown in Hidy et al. (2014). During the same 
period, the emission of SO2 and NOx have also decreased by about 65% and 52%, 
respectively (Hidy et al., 2014), suggesting that our proposed mechanism about 
anthropogenic emissions mediating biogenic SOA formation contributes in a potentially 
significant way to the decrease in OC. As SO2 and NOx emissions continue to fall, other 
biogenic SOA formation pathways (e.g., isoprene SOA formation in the absence of sulfate 
and monoterpenes SOA from ozonolysis and photooxidation) may become more 
important, though these pathways have relatively lower SOA yields compared to the 
mechanisms discussed in this study (Surratt et al., 2010). The decreasing SO2 and NOx 
emissions may not only reduce the biogenic SOA burden, but also have impacts on climate 
and health. For example, while SOA from IEPOX uptake in the presence of sulfate (i.e., 
Isoprene-OA factor) is found to have the highest hygroscopicity (tendency to absorb water 
vapor) of all OA components (Cerully et al., 2015), biogenic SOA formed under lower 
sulfate and NOx environments could have substantially different properties than those 
formed in polluted environments and warrants further studies.  
 Although isoprene OA formation via IEPOX uptake has been reported in several 
field campaigns, our study performs detailed analyses of particle water, particle acidity, 
and sulfate, and then provides comprehensive assessment to deconvolute their individual 
effects on isoprene OA formation in the atmosphere (Cerully et al., 2015; Guo et al., 2015). 
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Our observation in Centreville and the greater Atlanta area shows that it is sulfate, 
instead of particle water and acidity, that controls isoprene OA formation in the SE 
US during summer, though the exact mechanisms of this direct sulfate effect need further 
investigation. The influence of these parameters can vary regionally and globally. 
Therefore, SOA models need to carefully consider the fate of IEPOX and the complexity 
of isoprene OA formation under various atmospheric conditions. Moreover, our results 
reveal that the direct effect of sulfate may complicate the role of particle water in the 
partitioning of water-soluble organics. Finally, these findings emphasize the importance of 
careful calculations of both particle water content and particle acidity when investigating 
these SOA formation processes. 
6.1.4 Enhanced formation of Isoprene-derived Organic Aerosol in Sulfur-rich Power 
Plant Plumes during Southeast Nexus (SENEX) 
Although the rapid reactive uptake of IEPOX to acidic particles has been observed 
in laboratory studies (Gaston et al., 2014; Surratt et al., 2010; Liu et al., 2015b), we report, 
for the first time, the rapid isoprene-OA formation via the IEPOX reactive uptake 
based on ambient measurements. We show that the sulfate, which is an oxidation product 
of SO2 emitted from power plants, can enhance IEPOX uptake and facilitate the subsequent 
SOA formation, because sulfate enhances both IEPOX uptake to particles (i.e., through 
particle surface area) and aqueous-phase reactions (i.e., through particle acidity).  
Airborne measurements of power plant plumes provide an opportunity to elucidate 
the magnitude of sulfate influence on isoprene-OA formation. As the isoprene-OA was 
formed rapidly in the plumes that were sampled shortly after emission, we avoid challenges 
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encountered in the interpretation of surface measurements, such as long-range transport 
and chemical aging of aerosol. For the Harllee Branch plume, we find that 1 µg sm-3 
decrease in sulfate is associated with 0.23±0.08 µg sm-3 decrease in isoprene-OA. The 
magnitude of the sulfate effect on isoprene-OA formation observed here is consistent with 
Blanchard et al. (2015), who estimated that the future decrease in sulfate concentration by 
1 µg m-3 would reduce OA concentration by 0.2 to 0.35 µg m-3 (assuming OA/OC = 1.4) 
based on statistical analysis on 14 years of data collected at multiple sites in the 
southeastern United States. The magnitude in our study is also similar to Xu et al. (2015a), 
who reported that 1 µg m-3 decrease in sulfate would lead to 0.42 µg m-3 reduction of 
isoprene-OA at the ground site of the SOAS. However, it is important to note that the 
magnitude of sulfate on isoprene-OA reported in this study (i.e., 0.23 µg sm-3) depends on 
the OH level. Plume OH is enhanced and reacts with IEPOX, which competes with IEPOX 
heterogeneous reaction. For example, while the sulfate concentration is enhanced in the 
Scherer plume (though weaker than Harllee Branch), the isoprene-OA is not enhanced, 
which is likely due to gas phase OH oxidation of IEPOX competing with IEPOX 
heterogeneous reaction.  
The contrast in isoprene-OA concentration evolution between Harllee Branch 
(representative of older, inefficient, high NOx and SO2 emitting coal plants) and Scherer 
(representative of modern, more-efficient, lower NOx and SO2 emitting coal plants) shows 
one benefit to air quality by implementing the emission control system and subsequent 
reducing SO2 emission. This benefit should be considered in the perspective of the 
environmental impacts of electric power generation (de Gouw et al., 2014). Hidy et al. 
(2014) showed that sulfate concentration in the southeastern United States has reduced by 
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~3 µg m-3 (average of all SEARCH sites) in summer during the past 15 years. This sulfate 
reduction could cause ~0.7 µg m-3 reduction in OA by applying the magnitude of sulfate 
effect on isoprene-OA obtained from this study. Considering that OA decreases by 2.8 µg 
m-3 (average of all SEARCH sites and assuming OA/OC ratio of 1.4) (Hidy et al., 2014), 
~25% of the OA reduction could arise from the sulfate control over isoprene-OA formation. 
However, this estimation serves as an upper bound because the IEPOX concentration is 
expected to be lower in the past than the present, considering that ambient NOx levels were 
substantially higher in the past and likely dominated the fate of RO2. In the future, as the 
NOx concentration is expected to keep decreasing due to emission regulations (Pye et al., 
2015), the formation of IEPOX would be enhanced and could potentially increase the 
importance of sulfate in terms of mediating isoprene-OA formation during the summer.  
6.2 Recommendations for future work 
 The scientific findings in this dissertation greatly improves our understanding of 
the sources and formation mechanisms of OA. However, several questions emerging from 
this study warrant future studies. Some recommendations for future work are summarized 
below. 
1. MO-OOA is identified in both rural and urban sites throughout the year and it contributes 
24-49% of total OA mass. Despite the ubiquitous and large abundance of MO-OOA, its 
sources are largely unknown. Possible sources of this factor have been proposed in the 
literature, but better understandings are required in order to further reduce the OA burden. 
2. The identification of an Isoprene-OA factor at urban sites in the current study has 
interesting implications. The compound IEPOX is thought to be an oxidation product of 
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isoprene where the RO2 react with HO2 under low NOx conditions. In urban areas, one 
would expect the majority of organic peroxy radicals to react with NOx, considering the 
relatively high NOx level (~15.4 ppb for JST_May). Thus, the sources of isoprene-OA in 
urban areas are unclear and warrants further studies. 
3. Brown carbon can absorb light and cause warming effects in the atmosphere. We 
observed a large abundance of brown carbon in July in Yorkville, GA, but the brown 
carbon sources are unclear. 
4. The nonlinear effects of NOx on SOA formation need to be included in the SOA models 
in order to accurately predict the dynamics of SOA formation and composition in ambient 
environments where the fate of RO2 varies considerably. 
5. The parameter values in the IEPOX heterogeneous reaction parameterization are 
uncertain (such as α, HIEPOX, and ki,j’s), which highly limits quantitative understanding of 
the role of each factor in isoprene-OA formation. Further fundamental laboratory studies 
are needed to constrain these parameters and improve predictions of isoprene-OA. 
6. As the anthropogenic emissions of SO2 and NOx keep decreasing, how the influence of 





APPENDIX A: WINTERTIME AEROSOL CHEMICAL 
COMPOSITION, VOLATILITY, AND SPATIAL VARIABILITY IN 
THE GREATER LONDON AREA 
A.1 Background 
Particulate matter (PM) concentration in the greater London area often exceeds 
European air quality limits, causing adverse effects on the health of habitants in this area 
(Harrison et al., 2012; Bohnenstengel et al., 2014). Therefore, it is critical to identify the 
PM sources in order to implement effective strategies to control ambient pollutants. The 
Clean Air for London (ClearfLo) project aimed to study boundary layer pollution in the 
greater London area through comprehensive measurements of meteorology, gaseous and 
particulate composition (Bohnenstengel et al., 2014). Multiple monitoring sites were set up 
in both urban and rural areas around London to quantify the urban increment in gas-phase 
and particle-phase pollutants.  
Previous studies in the greater London area have repeatedly shown that the 
concentration of elemental carbon (EC) is higher in urban sites than rural sites due to 
elevated levels of primary emissions such as vehicle exhaust and wood smoke (Crilley et 
al., 2015; Yin et al., 2015). The origin of organic carbon (OC) at urban and rural sites is 
instead more challenging to elucidate considering the myriad of different OC sources. 
Based on the ratios among multiple tracers (e.g., EC/OC and levoglucosan/OC) from 
different sources, Crilley et al. (2015) estimated that the concentration of primary OC from 
vehicle emissions was higher in an urban area compared to a rural area in the UK. Many 
studies have applied the Chemical Mass Balance (CMB) model for OC apportionment (Yin 
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et al., 2010; Crilley et al., 2015; Yin et al., 2015). However, due to the uncertainties in the 
source profiles and the number of organic tracers included in the model, the concentration 
of secondary OC is highly uncertain. In addition, OC measurements based on filter samples 
on a daily basis limit the temporal resolution of rural vs. urban comparisons. 
 Factor analysis via Positive Matrix factorization (PMF) of aerosol mass 
spectrometer (AMS) measurements is another widely used method to identify sources of 
organic aerosol (OA) (Jimenez et al., 2009; Lanz et al., 2007; Ng et al., 2010; Xu et al., 
2015a). Based on factor analysis of AMS measurements around the world, Zhang et al. 
(2007) observed that the contribution of hydrocarbon-like OA (a surrogate for primary OA) 
to total OA decreased from urban sites to rural sites, but the oxygenated OA (a surrogate 
for secondary OA), showed the opposite trend. The authors also showed that the average 
OA concentration is substantially lower in rural sites than urban sites (2.8 vs. 7.6 µg m-3). 
However, the trend observed in Zhang et al. (2007) needs to be further verified since the 
urban vs. rural comparisons are not based on simultaneous measurements between paired 
locations.  
Comparison based on simultaneous measurements between different sites, 
especially between rural and urban sites, is useful to identify regional and local sources of 
OA. For example, by comparing concurrent AMS measurements of OA at multiple sites in 
the greater Atlanta area, USA, Xu et al. (2015b) showed that the OA was spatially 
homogeneous and mainly regional in summer, but the OA showed substantial spatial 
variability in winter. Based on PMF analysis of AMS measurements, Crippa et al. (2013) 
investigated the correlation of various OA subtypes between three urban sites located in a 
20km-radius region in Paris, France during winter 2010. The authors observed that the 
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secondary OA factor had substantially better correlation between different sites than the 
primary OA factors, including OA from vehicle, biomass burning, and cooking. However, 
a rural vs. urban comparison was not performed in Crippa et al. (2013).  
In addition to OA sources, the volatility of OA is an important property since it 
directly determines the gas/particle partitioning. The thermal denuder (TD) has been used 
widely to measure the aerosol volatility (An et al., 2007; Huffman et al., 2008; Saleh et al., 
2012). Many previous studies inferred the volatility from the mass fraction remaining 
(MFR) or volume fraction remaining (VFR), which is calculated as the ratio of the species 
mass (or volume) concentration after heating to an elevated temperature in the TD to the 
species mass (or volume) concentration without heating (An et al., 2007; Huffman et al., 
2009b; Jonsson et al., 2007; Lee et al., 2011; Stanier et al., 2007; Grieshop et al., 2009b; 
Xu et al., 2014; Huffman et al., 2009a). Larger MFR is used as an indication for lower 
volatility of aerosol. However, Saleh et al. (2011) suggested that it is misleading to use 
MFR as an indication of volatility. This is mainly because the MFR is an extensive 
parameter (which explicitly depends on the initial mass concentration) while aerosol 
volatility is an intensive property (which depends only on chemical nature of the 
compounds in a mixture). Instead of MFR, Saleh et al. (2011) presented that that change 
in mass concentration when reaching equilibrium upon heating (i.e., ΔC) is an appropriate 
measure of volatility.  
Although multiple previous studies have investigated the volatility of laboratory-
generated OA (An et al., 2007; Huffman et al., 2009b; Jonsson et al., 2007; Lee et al., 2011; 
Stanier et al., 2007; Grieshop et al., 2009b; Xu et al., 2014), there are only limited studies 
on the volatility of ambient OA, especially on the volatility of OA from different sources 
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(Hildebrandt et al., 2010; Huffman et al., 2009a; Massoli et al., 2015; Paciga et al., 2015). 
Previous studies have showed the presence of non-volatile organics in the ambient aerosol 
even after heating to high temperatures (i.e., 230 - 300°C) (Huffman et al., 2009a; 
Häkkinen et al., 2012; Poulain et al., 2014; Massoli et al., 2015; Liu et al., 2015a). 
However, the sources of non-volatile organics are uncertain. Häkkinen et al. (2012) and 
Poulain et al. (2014) found that the non-volatile residuals correlated with anthropogenic 
tracers, such as BC and polycyclic aromatic hydrocarbons (PAHs), implying that the non-
volatile species are possibly linked to anthropogenic emissions. However, in both studies, 
the thermal-denuder (TD) was only applied upstream of a scanning mobility particle sizer 
(SMPS); therefore the composition of remaining compounds was not directly measured but 
only conjectured. Massoli et al. (2015) coupled a TD with a soot-particle AMS (SP-AMS) 
during measurements in California. The authors observed the existence of refractory OA 
(i.e., detectable via laser vaporization in the SP-AMS, but not detectable by vaporization 
at 600°C in the standard AMS), which was present in the fresh urban air masses, but not in 
the aged air masses.  
Many studies have used the degree of oxidation of OA, such as atomic O:C ratio 
and oxidation state (OS) as a proxy for volatility. For example, two oxygenated OA factors 
with high but different O:C ratio are often resolved from PMF analysis on AMS data. These 
two oxygenated OA factors are often named semi-volatile OOA (SVOOA) and low-
volatility OOA (LVOOA) based on the volatility inferred from O:C values (Ng et al., 2010; 
Huang et al., 2010; Mohr et al., 2012; Jimenez et al., 2009). In a laboratory study on toluene 
SOA, Hildebrandt Ruiz et al. (2014) observed a linear relationship between OS and 
effective saturation concentration of the aerosol. However, for both ambient measurements 
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and laboratory studies, it is uncertain whether the O:C or OS of bulk OA is a good indicator 
of volatility. In Mexico City and Riverside, CA, Huffman et al. (2009a) showed that the 
O:C ratio of the thermally-denuded OA increased with TD heating temperature, which 
suggests that the O:C is inversely correlated with the volatility of organic aerosol (i.e., the 
residual OA with lower volatility after heating has a higher O:C). In contrast, only a weak 
correlation between O:C and volatility was observed in Hildebrandt et al. (2010), who 
measured the volatility of ambient OA in Finokalia, Greece. The authors found that 
between thermally-denuded OA and ambient OA, the mass spectrum was similar and the 
difference in f44 (i.e., fraction of organic signal at m/z 44, which has a linear correlation 
with O:C) was not statistically significant. This indicates that the degree of oxidation does 
not change after evaporation of relatively volatile species. In addition, various relationships 
between O:C and volatility (inferred from the MFR) have been observed in previous 
laboratory studies on different SOA systems (Grieshop et al., 2009b; Qi et al., 2010; 
Donahue et al., 2012; Kroll et al., 2009; Tritscher et al., 2011; Xu et al., 2014). For example, 
Xu et al. (2014) observed that while the O:C of isoprene SOA formed in the laboratory 
without additional NO remained fairly constant (~0.6) during photochemical aging, the 
VFR increased over time. Grieshop et al. (2009b) showed that during photochemical aging, 
OA from wood fires became more oxidized (i.e., O:C increases), but the MFR remained 
constant. Donahue et al. (2012) studied the photochemical aging of α-pinene ozonolysis 
SOA and observed that while the OA became more oxidized (i.e., O:C increases), the VFR 
decreased with aging. The authors proposed that the photochemical aging produced both 
relatively volatile products and more oxidized products, which broadened the volatility 
distribution of the OA (Donahue et al., 2012). In summary, while SOA becomes 
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progressively more oxidized (i.e., O:C increases) during aging, the MFR or VFR exhibits 
different trends (i.e., increases, stays constant, or decreases over time) for different SOA 
systems. 
In this study, we performed simultaneous measurements at a rural site (Detling, 
Kent) and an urban site (North Kensington, London) in the greater London area in winter 
2012 using two Aerodyne high resolution time-of-flight mass spectrometers (HR-ToF-
AMS) (DeCarlo et al., 2006). The comparison of the simultaneous, high temporal 
resolution measurements and the OA source apportionment by PMF analysis provide 
insights into sources of wintertime OA in the greater London area. Since biogenic 
emissions are low in winter, these measurements allow a more direct evaluation of the 
contributions of anthropogenic emissions to OA formation. We also deployed a thermal 
denuder upstream of a suite of instruments to directly characterize the non-volatile residual 
at 250°C. Furthermore, we investigated the volatility of different OA sources and 
systematically evaluated the relationship between O:C and OA volatility. 
A.2 Method 
A.2.1 Sampling sites and meteorological conditions 
 Measurements were performed as part of the Clean Air for London (ClearfLo) 
project. An overview of the ClearfLo field campaign can be found in Bohnenstengel et al. 
(2014). The main goal of the ClearfLo project was to study boundary layer pollution in the 
greater London area by comprehensive measurements of meteorology, gaseous- and 
particulate composition. Multiple monitoring sites were set up in both urban and rural areas 
and at different elevations (street and elevated level) to perform year-long measurements 
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across London. In addition, two intensive observation periods (IOPs) were conducted 
during winter (January-February, 2012) and summer (July-August, 2012). Data presented 
in this paper were collected at the Detling site and the North Kensington (NK) site during 
the winter IOP. Figure A.1 shows the locations of both sites. The NK site (51.521055°N, 
0.213432°W) is an urban background site located in a residential area, 7 km to the west of 
central London. The Detling site (51.301931°N, 0.589494°E) is a rural site located on a 
plateau (200 m a.s.l.), 45 km southeast of London. The closest road is about 150m (south), 
which carries ~42,000 vehicles per day (www.dft.gov.uk/traffic-counts). The typical 
meteorological data (temperature, relative humidity, and wind speed) at the Detling site are 
shown in Fig. S1a. The campaign-average temperature was 6°C. In the diurnal variation, 
the highest temperature was ~8°C at 14:00 and the lowest temperature was ~5°C at 07:00. 
The relative humidity was 83% on average. The wind speed was 5.8 m s-1 on average, but 
it reached 10 m s-1 occasionally. The wind rose plot is shown in Fig. S1b. The prevailing 
wind was from the northeast and the southwest. 
A.2.2 Instrumentation 
 In the following discussions on instrumental setup and data analysis methods, we 
will focus on the rural Detling site. For instruments deployed at the urban NK site, only the 
high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne) 
ambient measurements are included in this study. The data analysis of HR-ToF-AMS at 
the urban site is similar to that at the rural site, which will be discussed below. Details 
regarding the measurements at the NK site can be found in Young et al. (2015a).  
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A suite of instruments was deployed at the Detling site to characterize both the gas-
phase and particle-phase composition. Instruments of interest to this study are shown in 
Fig. S2 and are described below. Ambient particles were sampled through a PM2.5 cyclone 
and then directed through either a thermal denuder (denoted as TD line) or bypass line 
(denoted as bypass line) before being analyzed by downstream instruments. The thermal 
denuder (TD, Aerodyne), designed based on Huffman et al. (2008), consists of a 22” long 
stainless steel tube operated at elevated temperatures (i.e., heated section), followed by a 
24” section of activated charcoal held at room temperature to adsorb the evaporated 
components from particles. The heating section was operated at 120 and 250°C. The 
aerosol residence time in the heating section of the TD was 5.3 s at the experimental 
flowrate rate (2.3 LPM determined by the sampling rate of instruments downstream of the 
TD). Caution is required when comparing the results between different studies with a TD 
because the TD configuration and residence times can be different. Particle loss in the TD 
was characterized based on the single particle soot photometer (SP2) refractory black 
carbon (rBC) mass measurement during the field campaign, since rBC does not evaporate 
even at 250°C. The transmission efficiency of TD is about 90% (Fig. S3), similar to the 
values reported in previous studies with similar TD configurations (Huffman et al., 2008; 
Massoli et al., 2015). The time scale to reach thermodynamic equilibrium in a given TD 
depends on a number of factors, such as TD temperature, aerosol mass concentration, 
aerosol diameter, and mass accommodation coefficient (Riipinen et al., 2010; An et al., 
2007; Saleh et al., 2011). In this study, we calculate the characteristic time for aerosol 
equilibration by following the algorithm in Saleh et al. (2011). To evaluate the equilibration 
time scale in the TD, the authors started with the mass transfer equation (Eq. A.1) and then 
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obtained the characteristic time for aerosol equilibration (τ in Eq. A.2) by performing 
dimensional analysis.   
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In the equations, Ca, Cg, and Cg,sat are the aerosol phase concentration, gas phase 
concentration, and gas phase saturation concentration, respectively. Ntot is the total number 
concentration, dp is the particle size, D is the diffusion coefficient in the gas phase, K is the 
Kelvin effect correction, and F is the Fuchs-Sutugin correction, which is calculated by Eq. 
A.3. In Eq. A.3, Kn is the Knudsen number and α is the accommodation coefficient. D is 
on the order of 10-5 m2 s-1 according to Tang et al. (2015) and α is on the order of 0.1 as 
shown in Saleh et al. (2012). By using the campaign-average particle number concentration 
(i.e., 4.28×103 cm-3) and the mode of the particle number distribution (i.e., 87nm) in our 
study, we estimate that the characteristic equilibration time is about 1600s, which is orders 
of magnitude longer than that residence time (5s) in the TD. Since the evaporation process 
is likely far away from equilibrium, the gas phase saturation ratio is small and the particles 
are likely evaporating in a vapor-free environment. Under this assumption, the gas phase 
vapor concentration (i.e., Cg) in the mass transfer equation (Eq. A.1) can be neglected. 
After integration over the residence time in the TD, the change in mass concentration upon 
heating (ΔCa) can be calculated by Eq. A.4, in which tresidence is the residence time in TD 
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and the C  is the evaporation-time-averaged saturation concentration. Thus, the ∆Ca for 
each component is proportional to its C  because the other parameters are the same 
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 A high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, 
Aerodyne), a soot-particle aerosol mass spectrometer (SP-AMS, Aerodyne), a single 
particle soot photometer (SP2, DMT), and a scanning mobility particle sizer (SMPS, TSI) 
were placed downstream of the TD. These four instruments alternated between sampling 
the bypass line (i.e., ambient) and the TD line (i.e., thermally-denuded) every 10 min. 
When the instruments were sampling through the bypass line, the heating section of TD 
was adjusted to the subsequent temperature setpoint. The MFR was determined by 
comparing the measurements between bypass line and TD line. 
 The HR-ToF-AMS provides real-time measurements of the chemical composition 
and size distribution of submicron non-refractory species (NR-PM1) and has been 
described in detail previously (Canagaratna et al., 2007; DeCarlo et al., 2006). In brief, the 
HR-ToF-AMS samples particles through an aerodynamic lens and then impacts the focused 
particle beam on a heated tungsten surface (~600°C). The resultant vapors are ionized by 
electron impact ionization and the ions are analyzed using time-of-flight mass 
spectrometry. We used the ambient gas-phase CO2 concentration (measured by a LI-COR 
CO2 gas analyzer with 1 min resolution) to correct for the gas-phase interference in the 
particle-phase CO2+ signals for both the bypass line and TD line. The assumption behind 
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this correction for the TD line is that the CO2 generated in the TD, if it exists, is negligible. 
Unless otherwise specified, the elemental ratios, such as atomic O:C and H:C, were 
calculated based on the latest recommendation by Canagaratna et al. (2015), who modified 
the original method developed for the HR-ToF-AMS (Aiken et al., 2007; Aiken et al., 
2008). The HR-ToF-AMS data were analyzed using the standard AMS analysis toolkits 
SQUIRREL v1.56A and PIKA v1.15. 
The SP-AMS measures the chemical composition of rBC containing particles by 
using an intracavity laser vaporizer (1064 nm). The detailed working principles of SP-AMS 
are extensively discussed in Onasch et al. (2012). In brief, after being focused through an 
aerodynamic lens, the rBC-containing particles are heated and vaporized by laser 
absorption. The chemical composition of both the rBC and any associated coatings are 
analyzed via high-resolution mass spectrometry. The SP-AMS data presented in this paper 
were obtained between 5 and 15 February, 2012, when the instrument was operated in the 
laser vaporizer only configuration, that is, only rBC-associated species were detected. 
Analysis and interpretation of the SP-AMS measurements for the entire deployment at 
Detling are presented in Williams et al. (2015). 
 The single particle soot photometer (SP2) measures rBC using laser-induced 
incandescence. The method has been described previously (Schwarz et al., 2006; Stephens 
et al., 2003). In brief, a 1064 nm Nd:YAG laser irradiates the particles as they enter the 
SP2, where upon vaporization and incandescence is induced in the particles containing 
rBC. The incandescence signal is proportional to the mass of rBC per particle, and with the 
sampling volume, rBC mass concentrations are quantified. The SP2 at the Detling site was 
calibrated using fullerene soot (Alfa Aesar, Inc., Ward Hill, Massachusetts; Stock# 40971, 
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Lot# L18U002). Fullerene soot is an rBC surrogate used for calibration of the SP2 due to 
its known density and similarities to ambient rBC (Baumgardner et al., 2012; Laborde et 
al., 2012). Data analysis was performed with the Paul Scherrer Institut Toolkit (PSI, Martin 
Gysel) developed for SP2 analysis within Igor Pro (Wavemetrics, Inc.). 
A.2.3 Collection efficiency of the HR-ToF-AMS 
 In order to provide quantitative data from HR-ToF-AMS measurements, the 
particle collection efficiency (CE), which is largely due to particles bouncing on the 
vaporizer, needs to be evaluated. For the bypass line, we calculated the CE based on the 
composition-dependent algorithm proposed by Middlebrook et al. (2012) (i.e., CDCE). 
The CDCE for the bypass line ranges from 0.45 to 0.97, with the campaign-averaged value 
0.52 ± 0.08 (one standard deviation). In order to validate the application of CDCE, we 
converted the mass concentrations of ambient non-refractory species measured by HR-
ToF-AMS (after CDCE correction) together with the mass concentration of refractory 
species (i.e., rBC and crustal material) to volume using Eq. A.5 and then compared the 
calculated volume with SMPS measurements.  
- 2- + -
3 4 4
org
[NO ]+[SO ]+[NH ] [Cl ] [org] [crustal material] [BC]
volume = + +
1.75 1.52 ρ 2.7 0.73
     Eq. A.5 
In Eq. A.5, 1.75 g cm-3 was used as the density for inorganic nitrate, sulfate, and 
ammonium, and 1.52 g cm-3 was used as the density for chloride (Poulain et al., 2014). The 
density of ambient organics was estimated using atomic O:C and H:C ratios as suggested 
by Kuwata et al. (2012). It is noted that the O:C and H:C ratios calculated based on Aiken 
et al. (2008) were used in the density estimation in order to be consistent with Kuwata et 
al. (2012). The organic density was estimated to be 1.30, 1.42 and 1.68 g cm-3 for bypass 
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line, TD = 120°C and TD = 250°C, respectively. The estimated density values were within 
the literature range (Hallquist et al., 2009). The concentration of crustal material was 
estimated by summing the normal oxides (Na2O, MgO, Al2O3, SiO2, CaO, K2O, FeO, 
Fe2O3, and TiO2) of tracer elements (Malm et al., 1994). The tracer elements were 
measured by PM1.0-0.3 rotating drum impactors and analyzed by synchrotron radiation-
induced X-ray fluorescence spectrometry (Visser et al., 2015b). The density of crustal 
material (2.7 g cm-3) was adapted from Lide (1991). The rBC concentration was measured 
by the SP2. For the rBC density, many previous studies have used 1.77 g cm-3 (Salcedo et 
al., 2006; Poulain et al., 2014; Huffman et al., 2009a). However, we note that 1.77 g cm-3 
(adapted from Park et al. (2004)) is the inherent material density of diesel soot particles. If 
the inherent material density is used, one needs to consider the non-sphericity of rBC when 
comparing the calculated volume to the SMPS volume as the particles are assumed to be 
spherical when estimating the SMPS volume. In order to circumvent this issue, we used an 
effective density of rBC in this study. Park et al. (2003) measured the effective density of 
diesel soot particles in the 50-300nm range (mobility diameter) by using a Differential 
Mobility Analyzer - Aerosol Particle Mass analyzer (DMA - APM) system. The soot 
particles were firstly classified based on mobility diameter in DMA and the mass of 
classified particles was then measured by APM. The effective density was calculated with 
the following equation by assuming spherical particles:  









                                              Eq. A.6 
where dme is the mobility equivalent diameter. Thus, applying the effective density 
measured by a DMA-APM system allows one to convert BC mass to its apparent volume, 
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which is comparable to the SMPS volume. One factor that complicates the choice of rBC 
effective density is that this value decreases with increasing mobility diameter as shown in 
Park et al. (2003). Limited by the lack of knowledge of the size distribution (mobility 
diameter based) of rBC in our data, we calculated the average effective density based on 
all the values reported in Park et al. (2003) and used this average value (0.73 g cm-3) in our 
study. This simplification is reasonable considering the following reasons. Firstly, Crilley 
et al. (2015) estimated that 70% of rBC at the Detling site is from traffic, which is similar 
to the BC types in Park et al. (2003). Secondly, the size distribution of total particles 
measured by SMPS in our study largely overlapped the size range studied in Park et al. 
(2003). 
 The calculated volume (based on HR-ToF-AMS + rBC + crustal material) was then 
compared with co-located SMPS measurements (Figure A.2). The SMPS measured the 
particle number distribution between 15.1 and 532.8 nm mobility diameter. The number 
distribution can be converted to a volume distribution assuming spherical particles. On 
average, the difference between the calculated volume and the SMPS volume was within 
6%, which validates the application of CDCE for the bypass line (Figure A.2a).  
 However, the CDCE is not applicable for the TD line because the CDCE algorithm 
is parameterized based on aerosol neutralization (Eq. A.7), which depends strongly on the 
accuracy of the ammonium concentration measurement. The ammonium concentration 
decreased quickly upon heating and was close to the instrument detection limit at 250°C. 
Thus, we evaluated the CE for the TD line by comparing the calculated volume (based on 







NOSO ×2 ChlNH 18×( + + )
96 62 35.5
                     Eq. A.7 
We noted that the selection of the rBC density has a substantial effect on the TD line CE. 
For example, varying the rBC density from 1.77 to 0.60 g cm-3 (i.e., from the inherent 
material density to the effective density of 100 nm diesel soot particle reported in Park et 
al. (2003)) changed the CE at 250°C by a factor of 2 (Table S1). This sensitivity analysis 
highlighted the importance of the rBC density in applying this method to evaluate CE, 
especially for the TD line where rBC accounted for a large fraction of the mass 
concentration. In this study, since the TD line CE calculated with an rBC effective density 
of 0.73 g cm-3 (i.e., average value from Park et al. (2003)) was close to the default value 
for CE (i.e., 0.45), we used 0.45 as the TD line CE in our analysis. As shown in Figure 
A.2b and A.2c, the default CE results in a reasonable agreement between the calculated 
volume and the SMPS volume for the TD line. Specifically, the differences between the 
calculated volume and the SMPS volume are 14% and 11% at 120°C and 250°C, 
respectively, which are within the range of measurement uncertainties. Future studies are 
warranted to comprehensively investigate the change of AMS CE after heating of the 
aerosol. 
A.2.4 Data analysis  
A.2.4.1 Positive matrix factorization (PMF) analysis 
Positive Matrix Factorization (PMF) analysis has been widely used for aerosol 
source apportionment in the AMS community. This technique represents the observed data 
as a linear combination of factors with constant mass spectra but varying concentrations 
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across time in the dataset (Paatero and Tapper, 1994; Paatero, 1997). Two solvers have 
been used for PMF analysis of AMS data, PMF2 and the multilinear engine (ME-2). The 
PMF2 solver does not require a priori information, which avoids some subjectivity. The 
ME-2 solver uses a priori information to reduce rotational ambiguity among possible 
solutions (Canonaco et al., 2013; Paatero, 1999).  
 For the ambient OA measurements, we used the standard PMF2 solver, which does 
not include any a priori information. This analysis is denoted as PMFambient and was 
performed using the PMF Evaluation Toolkit (PET) software developed by Ulbrich et al. 
(2009). The error matrix was pre-treated based on the procedure in Ulbrich et al. (2009). 
m/z’s with signal-to-noise ratio in the range 0.2-2 were down weighted by a factor of 2, 
and m/z’s with signal-to-noise ratio smaller than 0.2 were removed. Also, the contributions 
of O+, HO+, H2O+, CO+ and CO2+ were down weighted to avoid excessive weighting of 
CO2+ and related fragments. Following the detailed procedure listed in Zhang et al. (2011), 
the PMF solutions were evaluated by investigating the key diagnostic plots (Fig. S4), mass 
spectral signatures, correlations with external tracers, and the diurnal profiles. The 
rotational ambiguity of the optimal solution was examined by changing the FPEAK 
parameter from -1 to 1. In our case, an FPEAK value of 0 (Q/Qexp = 1.804) was selected 
because the correlations between factors and external tracers were not improved for 
FPEAK values that were different from 0. We resolved three factors from PMFambient, i.e., 
hydrocarbon-like OA (HOA), solid fuel OA (SFOA), and oxygenated OA (OOA), which 
are discussed in section 3.1. The choice of a three-factor solution is discussed in detail in 
the SI (Fig. S5).  
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For the TD line measurements, we first tried the PMF2 solver on the combined 
ambient and thermally-denuded OA spectra (denoted as PMFambient+TD); this is the same 
approach applied in Huffman et al. (2009a). However, in this study, we encountered several 
issues in PMFambient+TD analysis. The first issue we encountered is the “mixing” behavior 
of OA factors. For example, in the three-factor solution of PMFambient+TD, one factor has 
similar fragmentation patterns as HOA from PMFambient, but this factor also has substantial 
signal at C2H4O2+ (m/z 60, often used as a tracer marker for SFOA) (Fig. S6). In addition, 
another factor from PMFambient+TD has similar time series as SFOA from PMFambient, but has 
similar mass spectrum as OOA from PMFambient. The second issue we encountered is that 
the mass loading of the OOA factor is occasionally higher in the TD runs compared to the 
preceding and succeeding bypass runs (Fig. S7). The reason for this behavior is not clear, 
but it is likely caused by the fact that only highly oxidized species remain upon heating and 
the mass spectrum of the remaining OA becomes more similar to the oxidized OA factors. 
Thus, PMF analysis might overestimate the concentrations of the oxidized OA factor. 
Overall, the PMF analysis on the combined bypass and TD line measurements by using the 
PMF2 solver without a priori information could not clearly separate OA factors. This is 
likely caused by the fact that including the thermally denuded data might distort the PMF 
results by introducing additional time variation in the mass spectra as pointed out by 
Huffman et al. (2009a). 
 Considering the above issues associated with PMFambient+TD, we performed PMF 
analysis using the ME-2 solver on the TD line measurements by applying the factor profiles 
determined from PMFambient as a priori information, in order to improve the separation of 
OA factor. Data obtained at 120°C and 250°C were analyzed separately in order to account 
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for the variability of factor mass spectra at different temperatures. The analyses for 120°C 
and 250°C are denoted as ME-2120C and ME-2250C, respectively, and were performed using 
the toolkit Source Finder (SoFi v4.8) (Canonaco et al., 2013). The error matrix was pre-
treated in the same way as for PMFambient. As recommended by Canonaco et al. (2013) and 
Crippa et al. (2014), secondary factors (i.e., OOA factor) were unconstrained and primary 
factors (i.e., HOA and SFOA) were constrained with a small a value (e.g., <0.1), which 
allows small variations of the resolved factors compared to the anchor profile in order to 
account for differences in ambient sources and avoid a mixing situation. We performed 
sensitivity tests and found that increasing the a value from 0 to 0.1 only reduced the fitting 
“residual” (i.e., Q/Qexp) by <1% and had negligible influence on the factor profiles and 
factor concentrations (Figs. S8 and S9) for both ME-2120C and ME-2250C. Therefore, 
considering that 1) the small effect of the a value, and 2) the fact that the anchor profiles 
of HOA and SFOA resolved from PMFambient were clearly separated, we selected 0 as the 
a value, which fully constrained the profile of HOA and SFOA. The mass spectra of 
thermally-denuded OOA at 120°C and 250°C, which were not constrained in ME-2120C and 
ME-2250C, change slightly compared to the ambient OOA mass spectrum (Fig. S10). The 
most discernable changes occur at fCHO+ (i.e., fraction of organic signal at CHO+), fC2H3O+ 
and fCO2+, suggesting that the composition of OOA is different at different denuding 
temperatures. 
A.2.4.2 Retroplume analysis 
  Retroplume analysis was performed using the Numerical Atmospheric-Dispersion 
Modelling Environment (NAME) dispersion model (Jones et al., 2007) to identify the 
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origin of air masses. The NAME model used the Unified Model reanalysis of 
meteorological data and generated the surface level pathways of air masses arriving at the 
site after 1 day of transport (i.e., 1-day footprints). The domain of influence of the NAME 
run was divided into a number of geographical regions (i.e., Atlantic ocean, Benelux area, 
etc, shown in Fig. S11) as described in Fleming et al. (2012). For each 3-hour period, the 
fraction of air masses arriving from each region was calculated. According to Liu et al. 
(2013), for the time periods when the fraction of one region is greater than the 40th 
percentile of that region’s air masses fraction, that region is deemed to have a strong 
influence on the sampling site. Regions can also be grouped into broader sectors. In this 
study, we focused on two broader sectors, the easterly sector (North France and Benelux 
area) and the westerly sector (Atlantic and Ireland). It is important to note that sometimes 
the sampling site is influenced by more than one sector. 
In the following discussion, we first investigate the PM1 composition and OA 
source apportionment at the Detling site (section 3.1). Then in section 3.2, we compare the 
measurements at the rural Detling site with the urban NK site to investigate the spatial 
variability of aerosol in the greater London area. Lastly, we examine the aerosol volatility 
based on measurements at the Detling site (section 3.3).  
A.3 Results and Discussion 
A.3.1 Aerosol characterization at the Detling site 
 Figure A.3a shows the time series of PM1 composition measured by HR-ToF-AMS 
(i.e., non-refractory species) and SP2 (i.e., rBC). The campaign-average PM1 concentration 
is 14 ± 12 µg m-3 (average ± one standard deviation). The chemical composition of PM1 is 
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dominated by nitrate and organics, which on average accounts for 32% and 31% of total 
PM1 mass, respectively. The other components include sulfate (17%), ammonium (14%), 
rBC (4.3%), and chloride (2.2%). Based on the fragmentation pattern of nitrate 
functionality in the AMS (i.e., NO+/NO2+ ratio), one can determine whether the nitrate is 
of organic or inorganic origin (Farmer et al., 2010; Boyd et al., 2015; Fry et al., 2009; Xu 
et al., 2015c). At the Detling site, the measured NO+/NO2+ ratio is close to the value of 
pure ammonium nitrate (Fig. S12), indicating that the majority of the measured nitrates are 
inorganic nitrates. 
 The PMF analysis on the ambient organic mass spectra (i.e., PMFambient) resolves 
three OA subtypes: oxygenated organic aerosol (OOA), solid fuel organic aerosol (SFOA), 
and hydrocarbon-like organic aerosol (HOA), which accounts for 54%, 23%, and 19% of 
total OA, respectively. The time series and mass spectra of the three factors are shown in 
Figure A.4. HOA is representative of primary OA from vehicle emissions as its mass 
spectrum is dominated by hydrocarbon-like ions (i.e., CxHy+ ions). HOA is correlated with 
rBC and NOx (Figure A.4a). SFOA is a surrogate for fresh OA from solid fuel combustion, 
including biomass burning (Young et al., 2015b). The mass spectrum of SFOA is 
characterized by prominent signals at C2H4O2+ (m/z 60) and C3H5O2+ (m/z 73), which are 
likely fragments from anhydrosugars such as levoglucosan and mannosan (tracers for 
biomass burning). The time series of SFOA correlates with particle-phase nitrated phenol 
compounds (Mohr et al., 2013), which are mainly associated with coal and wood 
combustion (Figure A.4b). OOA is the most oxidized (O:C = 0.92) among all three factors. 
At the Detling site, the OOA time series shows a good correlation with sulfate (Pearson’s 
R=0.80, Figure A.4a) and acetaldehyde (R=0.78, Figure A.4a). Acetaldehyde could arise 
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from direct emissions, such as fossil fuel combustion and biomass burning, and secondary 
production by oxidation of various hydrocarbons (Langford et al., 2009). The observation 
that acetaldehyde correlates better with OOA than SFOA (R = 0.78 vs. 0.66) is consistent 
with previous studies which showed that acetaldehyde is dominated by secondary 
production after hours of photochemical processing (Hayes et al., 2013; Sommariva et al., 
2011; de Gouw et al., 2005).  
 The identification of the sources of OOA is challenging because the mass spectrum 
of OA from different sources becomes more similar and resembles that of OOA with 
increasing photochemical aging (Ng et al., 2010; Jimenez et al., 2009). For the Detling 
data, we hypothesize that OOA is mainly from aged biomass burning. Liu et al. (2015a) 
combined the PMF results from our study with radiocarbon analysis and estimated that 73-
90% of carbon in the OOA factor was non-fossil. Biogenic emissions and biomass burning 
are the major sources for non-fossil carbon. The large fraction of non-fossil carbon 
indicates that the OOA measured at the Detling site largely arises from aged biomass 
burning because the concentration of biogenic VOCs is low in winter due to cold 
temperature and reduced photosynthesis. For example, Yin et al. (2015) showed that the 
concentrations of isoprene SOA tracers (i.e., methyltetrols) and -pinene SOA tracers 
(pinic acid and pinonic acid) at the NK site during the winter IOP are only 0.5 ng m-3 and 
2.3 ng m-3, respectively, which are substantially lower than the concentrations measured at 
US and European sites during warmer months. Both laboratory studies and ambient 
measurements have revealed that the oxidation of biomass burning OA is a rapid process 
(Hennigan et al., 2011; May et al., 2012; Bougiatioti et al., 2014; Zhao et al., 2015). During 
the oxidation process, the mass spectrum of biomass burning OA could lose its 
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characteristic signature (i.e., C2H4O2+ and C3H5O2+) and becomes progressively similar to 
that of OOA (Grieshop et al., 2009a; Hennigan et al., 2011). Thus, the aged biomass 
burning OA could be apportioned to the OOA by PMF analysis. With this, it is possible 
that the biomass burning OA contributes a larger fraction of ambient OA in winter than 
what previous field studies suggested, where this factor was typically identified based on 
the presence of larger signals at C2H4O2+ (m/z 60) and C3H5O2+ (m/z 73) alone.  
 Figure A.3b shows the aerosol composition when air masses come from the easterly 
sector (i.e., mainland Europe) and the westerly sector (i.e., Atlantic Ocean). The 
concentration of PM1 is five times higher for the easterly sector compared to the westerly 
sector. This is consistent with previous studies which showed that elevated pollution levels 
in the southern UK were often associated with heavily polluted air masses transported from 
mainland Europe (Charron et al., 2013; Morgan et al., 2010; Morgan et al., 2015; Putaud 
et al., 2004). Similar to the greater London area, Beekmann et al. (2015) found that 70% 
of fine PM in the Paris megacity was also largely influenced by regional contribution from 
mainland Europe. A large fraction of OA from mainland Europe is highly oxidized organic 
aerosol (i.e., OOA). For example, while the concentrations of HOA and SFOA only double 
when the source of air masses switches from the Atlantic Ocean to mainland Europe, the 
OOA concentration increases from ~0.5 µg m-3 to ~3 µg m-3 (Figure A.3b). The higher 
contribution of OOA to total OA is consistent with the total OA from mainland Europe 
being more oxidized than that from the Atlantic Ocean. In Figure A.5, we compare the OA 
oxidation level for different air masses in the f44 (i.e., fraction of organic signal at m/z 44) 
vs. f43 (i.e., fraction of organic signal at m/z 43) plot (Ng et al., 2010). The OA for the 
easterly sector has a higher f44 compared to the westerly sector, suggesting that the air 
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masses advected from mainland Europe have undergone a larger extent of photochemical 
processing. 
A.3.2 Comparison between London and Detling 
In this section, we compare the two simultaneous HR-ToF-AMS measurements at 
the rural Detling site and the urban NK site. Only the sampling periods (hourly basis) when 
both instruments were operative from 20 January to 8 February, 2012 are included in the 
comparison, so that the concentrations reported in this section are different from those 
reported in section 3.1, where the whole data set at the Detling site (from 20 January to 15 
February, 2012) is used.  
A.3.2.1 Non-refractory species and OA factors comparison 
 The comparison between the Detling and NK sites in terms of concentration and 
diurnal variation of the five NR-PM1 species is shown in Figure A.6 and Fig. S13, 
respectively. The concentration of nitrate is substantially higher at the urban NK site (i.e., 
5.6 µg m-3) than the rural Detling site (3.5 µg m-3). This observation is consistent with 
McMeeking et al. (2012), who performed airborne measurements in the urban London 
region and observed an enhancement of nitrate concentration inside urban plumes. The 
elevated nitrate concentration (largely inorganic nitrate) at the urban site suggests that 
nitrate has a strong local contribution, likely due to the fact that nitrate formation occurs 
rapidly and its major sources (i.e., oxidation of NOx) are much higher over inner London 
(Shaw et al., 2015). The sulfate concentration is well correlated between two sites (R = 
0.82, Figure A.7), consistent with previous findings that sulfate has a strong regional 
contribution in the greater London area (Harrison et al., 2012; Yin et al., 2010). However, 
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the sulfate concentration is about 60% higher at the rural Detling site than the urban NK 
site. The comparison of sulfate concentration between the rural and urban site depends on 
the origin of air masses. As shown in Fig. S14, the sulfate concentrations agree well 
between the two sites when air masses come from Atlantic Ocean (i.e., westerly) compared 
to mainland Europe (i.e., easterly). The reason for the elevated sulfate concentration at the 
rural site will be discussed below. 
 Although the average concentration of total OA is comparable between NK (i.e., 
4.3 μg m-3) and Detling (4.0 μg m-3) (Figure A.6), PMF analysis reveals that the 
contribution to total OA from different sources is distinctly different between the urban 
and rural sites. At the urban NK site, primary OA sources, including cooking, vehicle 
emission, and solid fuel combustion, account for about 70% of total OA. At the rural 
Detling site, in contrast, more than half of the total OA is aged secondary OA (i.e., OOA). 
Specifically, the cooking OA (i.e., COA), which accounts for 18% of total OA at the urban 
NK site, is not resolved at the rural Detling site. This is expected as there is no cooking 
activity near the rural Detling site. Hydrocarbon-like OA (i.e., HOA) only shows weak 
correlation between the two sites (R = 0.53) (Figure A.8f), which is because HOA is 
representative of primary OA and it is influenced by local vehicle emissions. The SFOA 
time series is moderately correlated (R = 0.65) between Detling and NK (Figure A.8d). 
The SFOA concentration at the urban NK site is almost twice as high at the rural Detling 
site, which is likely due to the elevated domestic space heating activities and related 




 Among all three OA factors, the OOA factor has the strongest correlation between 
the two sites (R = 0.81) (Figure A.8b), which suggests that OOA likely represents regional 
SOA. Crilley et al. (2015) also observed that the filter-based daily-average OC 
concentration is well correlated (R2 > 0.82) between Detling and NK sites during the same 
period as our study. However, the good correlations of OOA and OC observed in our study 
and  Crilley et al. (2015) are different from the observation in Charron et al. (2013), where 
the authors found that secondary organic carbon (SOC) was much less spatially 
homogeneous than nitrate and sulfate by comparing an urban (Birmingham site) and a rural 
site (Harwell site) in the greater London area between July and November 2010. The 
difference between this study and Charron et al. (2013) is likely due to the uncertainty in 
the SOC estimation method. In Charron et al. (2013), SOC is estimated from filter 
measured total OC by using the EC/OC method where a constant EC/CC ratio from 
primary sources is applied. As discussed in Charron et al. (2013), their estimation and the 
weak correlation of OC between different sites are affected by the uncertainties associated 
with the choice of source ratios and analytical procedure. In addition to SOC estimation 
uncertainty, the differences in sampling sites, sampling periods, and size cuts (PM2.5 vs. 
PM1) between Charron et al. (2013) and our study could also play a role. 
Although the OOA is well-correlated between the two sites, the OOA concentration 
is almost twice as high at the rural Detling site than the urban NK site (Figure A.6). This 
observation is similar to the comparison of sulfate between the two sites, which is also 
usually considered to be regional, as discussed above. Based on atmospheric chemistry 
transport model, the higher OOA concentration at the rural site is a result of meteorological 
conditions, which cause a strong gradient of SOA concentration when air masses are 
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advected from polluted mainland Europe. For example, to simulate the SOA formation in 
the winter IOP, Ots et al. (2015) applied the regional EMEP4UK (European Monitoring 
and Evaluation Programme) model, which uses 5 km by 5 km British Isles grid nested 
within 50 km by 50 km greater Europe domain, 21 vertical levels, Weather Research and 
Forecasting (WRF) model meteorological reanalysis, and National Atmospheric Emissions 
Inventory (NAEI) for the UK, Centre on Emission Inventories and Projections (CEIP) 
emissions for other European countries. They observed a steep negative gradient of SOA 
concentration from near European continent to southern England. The steep gradient is a 
result of meteorological conditions (i.e., mainly wind direction), which causes that the 
pollution plume from mainland Europe largely passes over the rural site, but not the urban 
site.  
A.3.2.2 OA oxidation level 
 Figure A.5 compares the OA oxidation level between Detling and NK. Compared 
to the NK site, the average OA at the Detling site has higher f44, indicating that the OA at 
the Detling site is more oxidized than that at the NK site. The difference in OA oxidation 
level between the Detling and the NK sites are due to different OA compositions. As shown 
in Figure A.6, the OA at the NK site is dominated by primary OA (~70% of total OA) from 
cooking, vehicle emissions, and solid fuel combustion, whose O:C is much lower than 
OOA. In contrast, more than half of OA at the Detling site is OOA, which is highly 
oxidized.  
A.3.3 Aerosol volatility analysis 
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A.3.3.1 Volatility of non-refractory species and OA factors 
Figure A.9a and c show the thermograms and the change in concentration after 
heating (ΔC) of non-refractory (NR) species as measured by the HR-ToF-AMS. The MFR 
is calculated as the ratio of the species mass concentration through the TD to the average 
mass concentration of the preceding and succeeding bypass runs. The ΔC is calculated as 
the concentration difference between the bypass and TD runs (Eq. A.4). Both the MFR and 
the ΔC have been corrected for the particle loss in the thermal denuder (TD) by using the 
TD transmission efficiency as discussed in section 2.2. The MFR of NR species is 
consistent with previous ambient measurements (Huffman et al., 2009a). Nitrate has the 
largest average ΔC and the smallest MFR among all NR species. The MFR of nitrate 
decreases to 0.15 at 120°C and it volatilizes completely at 250°C (i.e., MFR < 0.05). Sulfate 
is the least volatile species at 120°C, which has the smallest average ΔC and an MFR equal 
to 0.89. The sulfate MFR is higher than that of ammonium sulfate from laboratory studies, 
which has been attributed to particle mixing state affecting the sulfate volatility (Huffman 
et al., 2009a; Massoli et al., 2015). For OA, the MFR is about 0.16 at 250°C. On average, 
0.88 µg m-3 OA remains after heating, implying the existence of non-volatile organic 
compounds. Figure A.9d shows that the ΔC’s of three OA factors are not statistically 
different at 120°C. This suggests that although the O:C of OOA (O:C = 0.92) is 
substantially larger than that of HOA (O:C = 0.22) and SFOA (O:C = 0.37), the volatilities 
of the three factors are similar at 120°C. Thus, the O:C may not be a good indicator of the 
volatility of the OA factors. At 250°C, both HOA and SFOA fully evaporate (MFR < 0.05) 
so that the volatility cannot be compared under this temperature.  
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A.3.3.2 Sources of residual organics at 250°C 
Figure A.10 shows the chemical composition of the residual PM1 after heating to 
250°C. The major components of the residual PM1 are OA (90% of OA is OOA), rBC, and 
sulfate. rBC accounts for about 30% of the remaining mass. This value is smaller than that 
reported in Poulain et al. (2014) (i.e., 47% in summer and 59% in winter for TD 
temperature 300°C) and in Häkkinen et al. (2012) (i.e., 55-87% depending on season for 
TD temperature 280°C). The differences are likely due to 1) the density of rBC used in 
previous studies when converting SMPS volume concentration to mass concentration, 2) 
different TD temperatures and residence times, 3) techniques to measure rBC 
concentration, and 4) sampling locations. 
At 250°C, OA has the largest contribution (~40%) to the residual mass. The 
existence of highly oxidized, non-volatile organic compounds is consistent with previous 
ambient measurements and model studies. For example, Cappa and Jimenez (2010) used a 
kinetic model to simulate the volatility of OA factors measured by Huffman et al. (2009a) 
in the MILAGRO field campaign and the authors estimated that a large fraction of OA was 
non-volatile and would not evaporate under any atmospheric conditions.  
The sources of non-volatile organics are uncertain, but appear to be related to 
anthropogenic emissions. A previous study by Häkkinen et al. (2012) showed that the MFR 
(excluding rBC) at 280°C correlated well with anthropogenic tracers (i.e., polycyclic 
aromatic hydrocarbons), indicating that the non-volatile species may be affected by 
anthropogenic emissions. In this study, we investigate the sources of the non-volatile 
organics by comparing the measurements of HR-ToF-AMS and SP-AMS after heating at 
250°C. While the HR-ToF-AMS measures the bulk total non-refractory organics, SP-AMS 
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only detects the organics associated with rBC when the SP-AMS is operated with the laser 
vaporizer only (i.e., no tungsten vaporizer) (Onasch et al., 2012). Figure A.11 shows that 
after heating at 250°C, the residual organics associated with rBC correlate well with the 
residual organics in the bulk measurements, and they only account for <10% of the bulk 
measurements. Therefore, this good correlation is not caused by a large contribution from 
rBC-associated species, but is possibly caused by the fact that the non-volatile organics in 
the bulk measurements have similar sources or have undergone similar chemical 
processing as rBC in the atmosphere. Denkenberger et al. (2007) suggested that the non-
volatile organics may be oligomers formed within the TD based on the observation that 
oligomer intensity increased after heating ambient particles in a TD. In our study, the 
signals at high m/z (100 – 180), which are potential indicators for oligomers, decrease with 
TD temperature (Fig. S15). This suggests that the non-volatile organics are unlikely to be 
oligomers formed within the TD. 
A.3.3.3 OA MFR and O:C ratio 
To examine the relationship between O:C and MFR, the O:C of thermally-denuded 
OA is plotted as a function of TD temperature. As shown in Figure A.12a, the O:C of 
thermally-denuded OA increases with increasing TD temperature, indicating that the 
residual OA with lower volatility is more oxidized, which is consistent with previous 
observations (Huffman et al., 2009a; Huffman et al., 2009b). Thus, it appears that the OA 
oxidation level (i.e., O:C) is correlated with MFR. If so, one would expect that ambient 
OA with higher O:C should have larger MFR. However, as shown in Figure A.12b to e, 
the MFR increases only slightly with the bypass O:C (or OS) over a wide range of O:C (or 
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OS). In addition, the correlation between MFR and bypass O:C (or OS) is weak (i.e., R < 
0.4), suggesting that the volatility of OA cannot be readily inferred by its O:C or OS.  
The lack of correlation between OA MFR and O:C is likely due to the distributions 
of volatility and O:C in bulk OA, that is, one population of particles with a higher bulk O:C 
could have lower MFR after heating compared to another population of particles with a 
lower bulk O:C, if the volatility and O:C distributions are different between two 
populations. In the following discussion, we use a simple model to illustrate our point 
(Figure A.13). Two populations of particles are comprised of three compounds (i.e., A, B, 
and C), but with different amounts. These three compounds have the same molecular 
weight, but different volatility and O:C. The assumed properties of the three compounds 
and the compositions of two populations of particles are atmospherically relevant and are 
summarized in Figure A.13. Although the average O:C of population #2 (i.e., 0.75)  is 
higher than that of population #1 (i.e., 0.61), population #2 has the same MFR as population 
#1 after heating, which is consistent with the trend in Figure A.12b-e. On the other hand, 
the O:C of each population always increases after heating, which is consistent with the 
observation in Figure A.12a. We note that the example described here is specific; however, 
it clearly illustrates that the distributions of volatility and O:C largely influence the 
relationship between O:C and MFR of bulk OA. This also helps to explain the various 
types of relationship between O:C and MFR observed in laboratory studies (Grieshop et 
al., 2009b; Qi et al., 2010; Donahue et al., 2012; Kroll et al., 2009; Tritscher et al., 2011; 
Xu et al., 2014). In previous laboratory studies, while the SOA generally becomes 
progressively more oxidized (i.e., O:C increases) during the chemical aging, the volatility 
distribution evolves differently for different SOA systems, which results in various types 
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of MFR trend (i.e., increases, or stays constant, or decreases over time). Our analysis 
emphasizes the importance of understanding the distribution of volatility and O:C in bulk 
OA and reveals the potential weakness of using one averaged O:C value to describe the 
degree of oxidation, which is in line with the two-dimensional volatility-oxidation 
modeling framework proposed by Donahue et al. (2011). In addition to the distribution of 
O:C and volatility, the fact that MFR depends on the initial concentration of OA, which is 
different between studies, may also contribute to the various relationships between O:C 
and MFR. 
Hildebrandt et al. (2010) proposed that the lack of correlation between O:C and 
volatility in Finokalia, Greece was caused by the OA being highly oxidized with an average 
O:C of 0.8 (estimated from the measured f44). In order to test this hypothesis, we plot the 
O:C enhancement (i.e., ratio between O:C of thermally denuded OA and O:C of ambient 
OA) vs. O:C of ambient OA (Figure A.14a) to show the O:C enhancement after heating. 
By extrapolating the linear fit under different temperatures, we find that if the O:C of 
ambient OA is about 1, the enhancement is negligible even after heating at 250°C. It is 
important to note that the O:C reported in Figure A.14a is calculated based on the recent 
formulation in Canagaratna et al. (2015). The improved O:C calculation method in 
Canagaratna et al. (2015) results in higher O:C compared to the values based on Aiken et 
al. (2008), which was used in Hildebrandt et al. (2010). By using the method in Aiken et 
al. (2008), we found that the O:C threshold for no enhancement is 0.8 (Fig. S16), which is 
the same as the O:C of ambient OA in Hildebrandt et al. (2010). In addition, the campaign-
average f44 of ambient OA in Hildebrandt et al. (2010) is 0.182, which is close to f44 of TD 
OA under 250°C (i.e., 0.188) in our study (Figure A.14b). To conclude, this analysis 
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provides a specific case in which the average O:C ratio might not be a good indicator of 
OA volatility. 
A.4 Conclusions 
In this study, we deployed a suite of instruments to characterize the composition of 
PM1 at a rural site (Detling, Kent) near London during the Clean Air for London (ClearfLo) 
project in 2012 winter. Nitrate and organics are two major components in PM1, each of 
which accounts for ~30% of total PM1 mass concentration. Retroplume analysis reveals 
that the PM1 concentration in the greater London area is largely influenced by the origin of 
the air masses. When air masses are advected from mainland Europe, the PM1 
concentration is elevated and the organic aerosol is more oxidized. Oxygenated organic 
aerosol (OOA) accounts for ~50% of total OA. Taking advantage of measurements in 
winter when the biogenic emissions are low, we hypothesize that the OOA in the current 
study is likely aged OA from biomass burning. The hypothesis is based on the combined 
PMF and radiocarbon analysis where more than 70% of carbon in OOA is estimated to be 
non-fossil (Liu et al., 2015a) and cannot be explained by the small amount of biogenic 
SOA in winter. 
With simultaneous HR-ToF-AMS measurements taking place at the rural Detling 
site and the urban North Kensington site, we have a unique opportunity to investigate the 
spatial variability of PM1 in the greater London area. The nitrate concentration is markedly 
higher at the urban site compared to the rural site (i.e., 5.6 vs 3.5 μg m-3). The high nitrate 
concentration at the rural site together with the urban excess of nitrate imply that the nitrate 
in the greater London area has a high regional background overlaid by important 
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contributions from local production. Although the OA concentration is comparable 
between the rural and urban sites, PMF analysis suggests distinctly different contribution 
from different sources between the two sites. Similar to previous studies, we find that OA 
at the urban site mainly arises from primary sources, while OA at the rural site is mainly 
secondary. Vehicle emission, solid fuel combustion, and cooking together account for 
~70% of OA at the urban NK site. In contrast, OOA contributes more than half of total OA 
at the rural Detling site. Among all OA factors, OOA has the best correlation between the 
two sites (R = 0.81), which suggests that this factor is largely regional. We find that the 
OOA concentration is almost twice as high at the rural Detling site than the urban NK site. 
This is a result of meteorological conditions, which cause a strong gradient of SOA 
concentration when air masses are advected from polluted mainland Europe. The 
observation that the OOA concentration is higher at the rural site than urban site is opposite 
to the trend shown in Zhang et al. (2007). However, the trend reported in Zhang et al. 
(2007) is not based on simultaneous measurements at paired rural and urban sites. Thus, 
our observation highlights the importance of meteorology in determining the OA spatial 
distribution. 
A TD was deployed to investigate the volatility of PM1 species at the Detling site. 
We find that although OOA has substantial larger O:C than HOA and SFOA, the volatilities 
of these three factors are similar at 120°C, which is inferred from the change in mass 
concentration after heating at 120°C. This suggests that the O:C may not be a good proxy 
of OA factor volatility. We note that 16% of total OA remains even after heating at 250°C, 
suggesting the existence of non-volatile organics. PMF analysis reveals that the majority 
of the remaining organics are oxygenated OA. At 250°C, the time series of the residual 
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organics measured by HR-ToF-AMS correlate well with the residual organics associated 
with rBC measured by SP-AMS. The good correlation suggests that the non-volatile 
organics likely have similar sources or have undergone similar chemical processing as rBC 
in the atmosphere, considering that rBC-associated organics only account for <10% of bulk 
organics.  
We evaluate the relationship between the volatility (using the MFR) and degree of 
oxidation (using the O:C or OS) of bulk OA. We found that, on the one hand, the O:C of 
thermally denuded OA is higher than that of ambient OA, indicating that less-volatile 
compounds have higher O:C. On the other hand, the MFR of OA shows a weak correlation 
with O:C of ambient OA, indicating that the average O:C of bulk OA may not be a good 
indicator for volatility. One possible explanation for the seemingly contradictory 
observations lies in the broad distribution of volatility and O:C in bulk OA. For example, 
different O:C distributions could result in the same bulk O:C but different volatility 
distributions, which may cause that particles with the same O:C to have different MFR. 
Thus, it is important to understand and use the distribution of properties (i.e., volatility and 






Figure A.1. Geographical locations of the sampling sites (i.e., North Kensington and 
Detling) in this study. The region circled by the M25 motorway is the greater London area. 























Figure A.2. Scatter plot of converted volume (based on HR-ToF-AMS total + BC + crustal 
material) vs. the apparent volume estimated from SMPS measurement for (a) the bypass 
line and the TD line at (b) 120°C and (c) 250°C. The composition-dependent CE is applied 
to the bypass line HR-ToF-AMS measurements and CE = 0.45 is applied to the TD line 
HR-ToF-AMS measurements. The slopes and intercepts are obtained by orthogonal 











































































Intercept = 1.20 ± 0.090
Slope = 1.06 ± 0.0064
R = 0.97
120°C CE = 0.45
Intercept = 0.91 ± 0.059
Slope = 0.86 ± 0.0084
R = 0.97
250°C CE = 0.45
Intercept = -0.038 ± 0.016








Figure A.3. (a) Time series of non-refractory species and black carbon in addition to the 
flag waves of dominant air mass origin based on the NAME model. (b) Average 
concentration of non-refractory species, black carbon, and OA factors resolved by PMF 
analysis for the easterly sector, westerly sector, and the whole campaign. The unexplained 
mass by PMF analysis is less than 6% of total OA and not shown in the figure. The gap 
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Figure A.4. (a) Time series of OA factors resolved from the unconstrained PMF analysis 
on the ambient data (i.e. PMFambient) and corresponding external tracers. (b) Mass spectra 
of OA factors, which are colored by the ion type. The time series of total nitrated phenols 
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Figure A.5. f44 vs. f43 for Detling and NK sites, as well as for the westerly sector and easterly 
sector of the Detling site. The dotted lines were adapted from Ng et al. (2010). The averages 
are sized by average organic loading. The error bars indicate one standard deviation. The 
average OA concentration at the Detling site is different from the value in Figure A.3. due 
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Figure A.6. Comparison between NK and Detling sites in terms of the campaign-averaged 
concentration and mass fraction of non-refractory species and OA factors. The unexplained 
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Figure A.7. Comparison of non-refractory species time series between NK and Detling 
sites. The intercept and slope are obtained by orthogonal distance regression. The Pearson’s 
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Figure A.8. Comparison of OA factors time series between NK and Detling sites. The 
intercept and slope are obtained by orthogonal distance regression. The Pearson’s R is 
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Figure A.9. Thermogram of (a) non-refractory species and (b) OA factors. The change in 
mass concentration after heating in the TD (i.e., ΔC) of (c) non-refractory species and (d) 
OA factors.  Error bars indicate one standard deviation. The average values are connected 




























































































































Figure A.10. Mass fraction of PM1 species for bypass line and TD line (i.e., 120°C and 







































































Figure A.11. Comparison between organics associated with rBC (measured by SP-AMS 
with laser vaporizer only) and the non-refractory organics in the bulk measurement (by 











































Intercept = -0.015 ± 0.0064








Figure A.12. (a) Organic mass fraction remaining (MFR) and O:C as a function of TD 
temperature; (b) – (e) organic MFR at 120°C and 250°C as a function of bypass line organic 




















































































Figure A.13. The properties (O:C and volatility) of three model compounds and the 
composition of two populations of particles used in the simple model to illustrate the 
relationship between bulk OA O:C and volatility. The O:C is 1, 0.5, and 0.1 for compound 
A, B, and C, respectively. Upon heating at temperature T0, 50%, 65% and 100% of A, B, 
and C would evaporate. Population #1 is comprised of 0.25, 0.7, and 0.05 µg m-3 of A, B, 
and C, respectively, and population #2 is comprised of 0.7, 0.05, and 0.25 µg m-3 of A, B, 







































Population #1 before heating
O:C = 0.61
Population #2 before heating
O:C = 0.75
Population #1 after heating
O:C = 0.67
MFR = 0.37













































Figure A.14. (a) O:C enhancement (i.e., ratio of TD line O:C to bypass line O:C) as a 
function of bypass line O:C. (b) Mass spectra of OA under different TD temperatures. The 
signals between m/z 45 and 99 are multiplied by 10 and the signals between m/z 100 and 
150 are multiplied by 25 for clarity. The mass spectra are colored by the ion type in the 
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